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“Knowing is not enough; we must apply. 
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Preface

The Forum on Emerging Infections was created in 1996 in response to
a request from the Centers for Disease Control and Prevention and the
National Institutes of Health. The goal of the Forum is to provide struc-
tured opportunities for representatives from academia, industry, profes-
sional and interest groups, and government1  to examine and discuss scien-
tific and policy issues that are of shared interest and that are specifically
related to research and prevention, detection, and management of emerging
infectious diseases. In accomplishing this task, the Forum provides the
opportunity to foster the exchange of information and ideas, identify areas
in need of greater attention, clarify policy issues by enhancing knowledge
and identifying points of agreement, and inform decision makers about
science and policy issues. The Forum seeks to illuminate issues rather than
resolve them directly; hence, it does not provide advice or recommenda-
tions on any specific policy initiative pending before any agency or organi-
zation. Its strengths are the diversity of its membership and the contribu-
tions of individual members expressed throughout the activities of the
Forum.

xi

1Representatives of federal agencies serve in an ex officio capacity. An ex officio member of
a group is one who is a member automatically by virtue of holding a particular office or
membership in another body.
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xii PREFACE

ABOUT THE WORKSHOP

Resistance in microbes—bacterial, viral, or protozoan—to therapeutics
is neither surprising nor new. It is, however, an increasing challenge as drug
resistance accumulates and accelerates, even as the drugs for combating
infections are reduced in power and number. Today some strains of bacte-
rial and viral infections are treatable with only a single drug; some no
longer have effective treatments. The disease burden from multi-drug-resis-
tant strains of tuberculosis, malaria, hepatitis, and HIV is growing in both
developed and developing countries.

Infections caused by resistant microbes may fail to respond to treat-
ment, resulting in prolonged illness and greater risk of death. Treatment
failures also lead to longer periods of infection, which increase the numbers
of infected people moving into the community and thus expose the general
population to the risk of contracting a resistant strain of infection. When
infections become resistant to first-line antimicrobials,2  treatment has to be
switched to second- or third-line drugs, which are nearly always much more
expensive and sometimes more toxic as well. In many countries, the high
cost of such replacement drugs is prohibitive, with the result that some
diseases can no longer be treated in areas where resistance to first-line drugs
is widespread. Most alarming of all are diseases where resistance is develop-
ing for virtually all currently available drugs. Even if the pharmaceutical
industry were to step up efforts to develop new replacement drugs immedi-
ately, current trends suggest some diseases will have no effective therapies
within the next ten years.

More recently, the challenges of resistance are compounded by growing
concerns about the possible use of biological weapons leading to large-scale
disease outbreak or exposure. The ability to respond effectively to such
exposures could be significantly compromised by the introduction of drug-
resistant pathogens. The use of prophylactic drugs or therapies on large
populations may also contribute to the development of drug resistance and
thus increase both the immediate and longer-term challenges of treating
infectious diseases.

A number of trends in human behavior increasingly contribute to the
emergence of resistance to antimicrobial agents. Host behaviors such as
noncompliance with recommended treatment and self-medication are
among the most complicit problems associated with the development of
resistance. However, the duration of therapy for most acute infections has

2In this report, antibiotics are defined as substances (not limited to those produced from
microorganisms) that can kill or inhibit the growth of bacteria, while antimicrobials are
substances that destroy or inhibit the growth of pathogenic groups of microorganisms, in-
cluding bacteria, viruses, protozoa, and fungi.
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PREFACE xiii

been determined empirically by treatment outcome, and more research is
required on the effect of a reduction of treatment duration on the risk of the
emergence of resistance. Other factors contributing to the rise in antimicro-
bial resistance include over-prescribing by physicians, failure to control the
spread of infection in hospitals and long-term care facilities, and the over-
use of antimicrobials in animals used for food products.

These trends are currently outpacing scientific discovery to counter
resistant pathogens. However, one promising aspect of such factors in the
emergence of resistance is their amenability to change, which may be ac-
complished through public education, appropriate training, political ac-
tion, and domestic and international regulation.

Beyond the development of resistance in microbes, the ever-increasing
resistance of disease vectors to biological and chemical pesticides looms as
another complicating factor in efforts to control and eliminate the emer-
gence of infectious diseases. Resistance to insecticides has appeared in the
major insect vectors from every genus (e.g., mosquitoes, sand flies, ticks,
fleas, and lice). Resistance has developed to every chemical class of insecti-
cide, including microbial drugs and insect growth regulators. Insecticide
resistance is predicted to have an increasing and profound effect on the
reemergence of most vector-borne diseases. And where resistance has not
contributed to disease emergence, it is expected to threaten disease control.
Malaria control programs that already face complex challenges presented
by multi-drug-resistant strains of the parasite are additionally undermined
by vector mosquito populations that show increasing resistance to the pyre-
throid-treated bed nets used to reduce malaria transmission.

Resistance is a natural response of microbes and other organisms to
selective pressure from antimicrobial and other biological and chemical
countermeasures. Adaptive mechanisms in the organisms permit survival
and the development of genetic resistance. While the emergence of resis-
tance cannot be eliminated, the rate and extent of its occurrence can be
contained. In order to contain the threats posed to human health by resis-
tance, it is important to determine the magnitude and trends of resistance
and to define the relative importance of different contributing factors, such
as therapeutic, behavioral, economic and social, and health systems factors,
as well as veterinary and agricultural misuse. Based on this understanding it
may be possible to develop effective methods to contain resistance in differ-
ent settings.

Through invited presentations and participant discussion, the February
6–7, 2002, Forum workshop explored the causes and consequences of the
resistance phenomenon. The Forum discussion also examined the scientific
evidence supporting current and potential strategies for containment of
resistance in microbes, vectors, and animal and human hosts. Additionally,
the methods and measures of a response for industry, federal regulation,
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xiv PREFACE

domestic and international public health, federal and academic research,
and the private health care sector were debated.

ORGANIZATION OF WORKSHOP SUMMARY

This workshop summary report is prepared for the Forum membership
in the name of the editors, with the assistance of staff and consultants, as a
collection of individually authored papers. Sections of the workshop sum-
mary not specifically attributed to an individual reflect the views of the
editors and not those of the Forum on Emerging Infections’ sponsors or the
Institute of Medicine (IOM). The contents of the unattributed sections are
based on the presentations and discussions that took place during the work-
shop.

The workshop summary is organized within chapters as a topic-by-
topic description of the presentations and discussions. Its purpose is to
present lessons from relevant experience, delineate a range of pivotal issues
and their respective problems, and put forth some potential responses as
described by the workshop participants. The Summary and Assessment
chapter discusses the core messages that emerged from the speakers’ presen-
tations and the ensuing discussions. Chapter 1 is an introduction and over-
view of the resistance phenomenon. Chapters 2 to 7 begin with overviews
provided by the editors, followed by the edited presentations made by the
invited speakers. Appendix A is an authored paper describing the conse-
quences of antimicrobial use in agriculture. Appendix B presents the work-
shop agenda. Appendix C is a list of information resources on resistance.
Appendixes D, E, and F contain the executive summaries of three govern-
ment reports on the topic of antimicrobial resistance. Appendix G presents
Forum member and speaker biographies.

Although this workshop summary provides an account of the indi-
vidual presentations, it also reflects an important aspect of the Forum
philosophy. The workshop functions as a dialogue among representatives
from different sectors and presents their beliefs on which areas may merit
further attention. However, the reader should be aware that the material
presented here expresses the views and opinions of those participating in
the workshop and not the deliberations of a formally constituted IOM
study committee. These proceedings summarize only what participants
stated in the workshop and are not intended to be an exhaustive explora-
tion of the subject matter.
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able time to provide information and advice to the Forum through partici-
pation in the workshop.

The Forum is indebted to the IOM staff who contributed during the
course of the workshop and the production of this workshop summary. On
behalf of the Forum, we gratefully acknowledge the efforts led by Stacey
Knobler, director of the Forum, and Marjan Najafi, research associate,
coeditors of this report, who dedicated much effort and time to developing
this workshop’s agenda, and for their thoughtful and insightful approach
and skill in translating the workshop proceedings and discussion into this
workshop summary. We would also like to thank the following IOM staff
and consultants for their valuable contributions to this activity: Tom
Burroughs, Laurie Spinelli, Judith Bale, Mark Smolinski, Katherine
Oberholtzer, Patricia Cuff, Jennifer Otten, Clyde Behney, Bronwyn
Schrecker, Sally Stanfield, Sally Groom, Michele de la Menardiere, and
Beth Gyorgy.

Finally, the Forum also thanks sponsors that supported this activity.
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Department of Defense; U.S. Department of State; U.S. Department of
Veterans Affairs; U.S. Department of Agriculture; American Society for
Microbiology; Burroughs Wellcome Fund; Eli Lilly & Company; Pfizer;
GlaxoSmithKline; and Wyeth-Ayerst Laboratories. The views presented in
this workshop summary are those of the editors and workshop participants
and are not necessarily those of the funding organizations.

Adel Mahmoud, Chair
Stanley Lemon, Vice-Chair
Forum on Emerging Infections
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1

Summary and Assessment

1In this report, antibiotics are defined as substances (not limited to those produced from
microorganisms) that can kill or inhibit the growth of bacteria, while antimicrobials are
substances that destroy or inhibit the growth of pathogenic groups of microorganisms, in-
cluding bacteria, viruses, protozoa, and fungi.

The emergence of resistance to therapeutics is not a new phenomenon
among microbes—whether viral, bacterial, or protozoan. Following the
introduction and subsequent widespread use of penicillin, the first major
“miracle” antibiotic, in the early 1940s, microbiologists soon discovered
that a number of bacterial strains had become resistant to this antibiotic.
Over the years, successive introductions of new classes of antimicrobial1

drugs have been followed, often quickly, by the emergence of resistant
microbes. Nor is the emergence of microbial resistance to therapeutics
surprising, as these pathogens follow the same general rules—including
survival of the fittest—that guide evolution among all organisms. However,
they are capable of evolving much more rapidly than higher, multicellular
organisms, due to their simpler genomes, capacity for inter-species ex-
change of genetic elements encoding for resistance, and much shorter gen-
eration times.

What is perhaps most notable today is the increasing degree to which
microbial resistance has become an important health threat—and the con-
tinuing failure of the nation, indeed the world, to mount an adequate
response. Drug resistance is accumulating and accelerating, thereby reduc-
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2 THE RESISTANCE PHENOMENON

ing in number and power the drugs available for combating infectious
diseases. Resistance to available therapies is a major confounding factor in
effective treatment of human pathogens that account for the majority of the
global infectious disease burden—malaria, tuberculosis, and AIDS. Today,
some pathogenic strains of bacteria that were previously readily amenable
to antibiotic therapy have become resistant to all available antibiotics,
while strains of many other serious pathogens are now resistant to all
but one easily administered drug, placing them on the brink of being
untreatable. Coupled with the unrelenting emergence of antimicrobial resis-
tance among common pathogens, there is a growing sense that drug discov-
ery efforts are yielding fewer and fewer truly new leads toward novel classes
of antimicrobial agents. This raises the specter of a real shift in the balance
of the battle being fought by health professionals against a wide array of
infectious agents.

Concerns about microbial resistance are further compounded by the
possibility, made vivid during autumn 2001, that terrorists or a rogue
nation might use biological weapons to trigger large-scale disease outbreaks.
The ability to respond effectively to such events could be significantly com-
promised by the purposeful introduction of genetically engineered drug-
resistant pathogens. Furthermore, the use of prophylactic antimicrobials or
biologics in large populations of humans and/or animals in response to such
a threat also may hasten the development of drug resistance and thus
compound the risks of both immediate and longer-term problems in treat-
ing infectious diseases.

The Forum on Emerging Infections convened a two-day workshop
discussion—the subject of this summary—to take a fresh look at a variety
of issues related to microbial resistance. The goal was not to lament con-
tinuing shortcomings, but to reconsider our understanding of the relation-
ship between microbes, disease vectors, and the human host, and to identify
possible new strategies for meeting the challenge of resistance. Central to
the discussion was an exploration of the many similarities inherent in the
emergence of resistance to antimicrobial drugs, and the development of
resistance to pesticides among insect vectors of serious pathogens such as
the malaria parasite.

FRAMING THE ISSUE

Drug-resistant bacterial, viral, and protozoan pathogens pose a serious
and growing menace to all people, regardless of age, gender, or socioeco-
nomic background—a picture that holds true for developed and developing
nations alike. Indeed, microbial resistance threatens to reverse many of the
therapeutic miracles of the past half century. A rapidly expanding list of
antimicrobial-resistant organisms is affecting us in a variety of ways.

Copyright © National Academy of Sciences. All rights reserved.

The Resistance Phenomenon in Microbes and Infectious Disease Vectors:  Implications for Human Health and Strategies for Containment -- Workshop Summary
http://www.nap.edu/catalog/10651.html

http://www.nap.edu/catalog/10651.html


SUMMARY AND ASSESSMENT 3

The vast majority of infections that people acquire in hospitals, for
example, are caused by bacterial agents, such as Staphylococcus aureus,
that are resistant to penicillin. In many hospitals in the United States, nearly
half of these penicillin-resistant staphylococci are also resistant to second-
generation, penicillinase-resistant drugs, such as methicillin. Compounding
matters, the antibiotic vancomycin, currently one of the few available treat-
ments for methicillin-resistant staphyloccocal infections, is now showing
increasing signs of losing ground as vancomycin resistance becomes ever
more common among the most frequent infectious agents in hospitals (i.e.,
staphylococci, streptococci, pneumococci, enterococcus, and Clostridium
difficile). Indeed, since this workshop, two different strains of S. aureus
with full-fledged vancomycin resistance mediated by the vanA gene were
isolated in the United States. Moreover, bacteria are now beginning to
appear that are resistant to linezolid, introduced in 2000 for the treatment
of vancomycin-resistant infections.

Drug-resistant microbes also are becoming more common in the com-
munity. At least five major bacterial pathogens,2  including Streptococcus
pneumoniae, which remains a major worldwide cause of pneumonia, men-
ingitis, sepsis, and otitis media, and Mycobacterium tuberculosis, which
causes tuberculosis, have developed resistance to a number of drugs. This
problem is further compounded by the ability of microbes to share impor-
tant resistance genes within and across bacterial species via a variety of
genetic transfer mechanisms.

Infections caused by resistant microbes that fail to respond to treatment
result in prolonged illness and greater risk of death. When infections be-
come resistant to first-line antimicrobials, treatment must be switched to
second-line or even third-line drugs, which are sometimes more toxic than
the drugs they replace. Treatment failures also lead to longer periods of
infection, and this factor increases the numbers of infected people moving
from hospitals into the community. Moreover, even healthy patients colo-
nized with drug-resistant, hospital-acquired bacterial flora may be dis-
charged from hospitals. Both phenomena enhance the likelihood that resis-
tant pathogens will spread into the community.

In addition to its direct threat to human health, microbial resistance
exacts an economic cost that can trigger adverse health consequences. Treat-
ing individuals with alternative drugs is nearly always much more expen-
sive than conventional treatment. In some settings, the drugs needed to
treat multi-drug-resistant forms of tuberculosis, for example, are more than
100-fold more expensive than the standard drug regimen used to treat
nonresistant forms of the bacteria. In many resource-poor countries, the

2Staphylococci, enterococci, pneumococci, tuberculosis, and salmonella.
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4 THE RESISTANCE PHENOMENON

high cost of such replacement drugs is prohibitive, with the result that some
diseases are no longer treated in areas where resistance to first-line drugs
has become widespread.

The added costs of treating drug-resistant infections also place a bur-
den on society. For example, the American Society for Microbiology esti-
mated in 1995 that health care costs associated with treatment of resistant
infections in the United States amounted to more than $4 billion annually—
a figure then equivalent to approximately 0.5 percent of total U.S. health
care costs. It is clear, however, that this figure significantly underestimates
the actual cost of resistance, since it includes only direct health care costs
and excludes an array of other costs, such as lost lives and lost workdays.
Moreover, these costs are expected to increase considerably given increas-
ing rates of microbial resistance. The bottom line: coping with microbial
resistance diverts a significant amount of dollars from other areas of the
health care enterprise.

Although the emergence of microbial resistance cannot be stopped—
since nature provides pathogenic organisms with too many mechanisms for
survival—the challenge is to transform this growing threat into a manage-
able problem. Over the past 10 years, a number of organizations, domestic
and international, public and private, have provided recommendations and
options for addressing microbial resistance. Some common recommenda-
tions have included improving surveillance for emerging resistance prob-
lems, prolonging the useful life of current antimicrobial drugs (through
parsimonious use, attention to completion of prescribed courses of therapy,
or use as part of combination therapies that may be less likely to permit
development of resistance), developing new drugs, and using other impor-
tant measures (such as improved vaccines, diagnostics, and infection-con-
trol methods) to prevent or limit the spread of microbial resistance.

Despite the urgency of the problem, however, converting these ideas
into widespread practice has not been simple or straightforward, and ac-
complishments to date have been insufficient, according to a January 2001
report by a U.S. government multiagency task force. Yet, recent years have
brought encouraging signs of progress made and progress possible. At per-
haps the most fundamental level, there is greater recognition—within gov-
ernment, the health care and research communities, the pharmaceutical
industry, and society at large—that antimicrobial resistance is a major
problem, and that this problem can be solved only with wide-ranging and
coordinated actions. Such recognition is increasingly international. For ex-
ample, the World Health Organization (WHO) recently declared antimi-
crobial resistance to be one of the top issues in global health.
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SUMMARY AND ASSESSMENT 5

MICROBE RESISTANCE

To manage microbial resistance over the long term, a sea change is
needed in how we view the ecology and evolution of infection. The emer-
gence of resistance must be recognized as an integral part—not an aberrant
part—of the ecology of microbial life. Developing a fuller understanding of
how microbes evolve when faced with drugs that threaten their survival
may lead to innovative ways to bring them under control. While we once
concentrated primarily on developing chemicals to use in an all-out war
aimed at eradicating pathogens—a strategy almost guaranteed to promote
microbial resistance—it may be possible now to devise treatment approaches
that make an organism’s genetic bent work in our favor.

“Smarter” approaches to drug discovery might seek compounds to
which changes in the structures of the microbial targets (proteins or nucleic
acids) that are required for resistance to the drug also lead to a loss of
function, or the development of combinations of drugs with mutually in-
compatible resistance mechanisms. Although arrived at serendipitously, the
combination of AZT and lamivudine shows such activity when used for
treatment of AIDS, while another nucleoside analog, adefovir, appears to
be incapable of stimulating the emergence of resistance in its target virus,
hepatitis B virus, most likely because mutations in the viral polymerase that
would confer resistance render the enzyme inactive. Such examples suggest
what might be possible with continuing advances in understanding the
structure-activity relationships of new compounds. However, this is predi-
cated on acquiring a more detailed understanding of the structure and
function of the microbial targets of various therapeutic agents, and increas-
ingly more sophisticated structure-aided (i.e., “rational”) approaches to
drug design.

Case Studies of Antimicrobial Resistance

Workshop speakers presented updates on the genetics and ecology of
several important pathogens. Among the microbes and infectious diseases
discussed:

The bacterial strains staphylococci, enterococci, and pneumococci are
ancient evolutionary companions of humans. In modern times, they have
taken on major roles in microbial resistance. The various types of staphylo-
cocci, taken together, are among the most frequent causes of nosocomial,
or hospital-acquired, infection, while enterococci are ranked second. S.
pneumoniae is one of the most frequent causes of community-acquired
infection.

Recently, scientists have acquired detailed information concerning how
these various bacteria develop drug resistance. In staphylococci, one key
change is that the mechanism of resistance is no longer considered to be the
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6 THE RESISTANCE PHENOMENON

product of a single resistance gene. Rather, there is an entire stress-response
pathway involving a central resistance gene and a number of auxiliary
genes, all of which are essential for the bacteria to optimize resistance.
Halting the function of any of these genes will reduce the microbe’s propen-
sity to develop drug resistance. Thus, there may be more targets than previ-
ously suspected for developing drugs to fight this microbe.

Malaria remains one of the leading killers in the developing world. The
traditional first-line drug for treating the disease was chloroquine. Its wide-
spread use, however, has led to increasing microbial resistance. For years,
scientists struggled to understand how malaria parasites develop resistance.
They have now identified a single gene as the culprit and pinpointed a
particular type of mutation at a specific location in the gene as being critical
in the development of resistance. Researchers are now using this knowledge
to explore new drugs that precisely target the resistance mechanism.

Schistosomiasis, a debilitating disease caused by a parasitic worm that
is transmitted to humans from snails, remains a public health problem in
many regions, including Africa, the Middle East, Asia, and South America.
For many of the species that infect humans, there is only one effective drug
available: praziquantel. However, this drug has been in use for more than
20 years, and concern is increasing that resistance has emerged, or will soon
emerge, in the parasite. This means planning must now focus on extending
the drug’s useful life and on developing new drugs before resistance emerges
fully.

Workshop participants outlined a number of specific issues and priori-
ties that will aid in better understanding microbial resistance and mitigating
its impact on human health:

• Recognize that microbial infection, evolution, and resistance is an
integral part of the ecology of life, and develop a fuller understanding of
how microbes evolve when faced with drugs that threaten their survival.

• Develop therapeutic agents that are “engineered” to make evolu-
tion work in favor of humans, rather than in favor of microbes.

• Pursue drug-development strategies that will lead to therapeutics
that are less likely to provoke additional waves of resistance. One strategy
would be to develop narrow-spectrum drugs that will not challenge the
entire microbial world each time they are used in therapy.

• Develop therapeutic interventions that target the “ecological reser-
voirs” of bacterial pathogens, particularly drug-resistant strains.

• Use drugs prudently in all patient care settings and in national and
international disease-control programs, especially when a drug has not yet
triggered widespread microbial resistance. Model programs for surveillance
of antimicrobial resistance on a global scale also will be important to
monitor and anticipate the emergence of resistance and begin developing
alternative drugs and treatment programs.
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SUMMARY AND ASSESSMENT 7

VECTOR RESISTANCE

Beyond the development of resistance in pathogenic microbes, the ever-
increasing resistance of disease vectors (the insects and arachnida that pass
pathogens to humans) to chemical and biological pesticides looms as an-
other complicating factor in efforts to control the emergence of infectious
diseases. Resistance to insecticides has appeared in every major species of
vector—including mosquitoes, ticks, fleas, lice, and sand flies—and various
vectors have developed resistance to every class of pesticide. Where resis-
tance has not contributed to disease emergence, it is expected to threaten
disease control. A prime example was the emergence of DDT resistance in
the mosquito species that serves as a vector for the transmission of malaria
among humans. Widespread emergence of DDT resistance contributed
heavily to derailing WHO’s global efforts to eradicate the disease, setting
back malaria control by decades. Malaria control programs that already
face complex challenges presented by multi-drug-resistant strains of the
parasite are additionally undermined by mosquito populations that show
increasing resistance to the pyrethroid-treated bed nets commonly used to
reduce malaria transmission.

Workshop participants agreed that scientists studying microbial resis-
tance can learn much from the work of those studying these aspects of
vector control, including how to prevent vectors from developing resistance
to pesticides. Likewise, policy makers developing programs to control the
spread of microbial resistance can benefit by examining the successes and
failures of current pest-control programs. The underlying principles, pitfalls
in control strategies, and possible approaches to solutions to resistance are
not necessarily all that different.

One promising strategy discussed is to develop an integrated approach
to control efforts. In the field of vector control, such coordinated efforts are
called integrated pest management, or IPM. Although a number of factors,
including cost, have prevented IPM from being adopted on a widespread
basis, its potential remains clear. Tackling a pest problem in numerous
ways at once—including the use of pesticides in a timely manner at select
locations—will likely yield more thorough and longer-lasting control than
would result from any single method applied individually.

Speakers also cited the value of developing and applying mathematical
models to help understand complex aspects of resistance, including efforts
to control the emergence of resistance, in both pests and pathogens. One
advantage of modeling is that it enables researchers to conduct experiments
that would be impossible, too expensive, or unethical to conduct otherwise.
Models can serve a variety of purposes, including examining trends in data,
exploring questions of population dynamics, developing and testing differ-
ent management options, and generating new hypotheses for study.

 Although scientists studying microbial resistance are increasingly us-
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8 THE RESISTANCE PHENOMENON

ing mathematical models, there currently is little interdisciplinary work
involving scientists studying insecticide resistance. One primary reason for
this gap is that bacterial population genetics differ substantially from the
population genetics of most pest organisms. Still, there is much to be gained
by cross-fertilization between the disciplines. It is important that modelers
in both arenas become familiar with the results and efforts of the other.
Such cooperation will help form a more complete understanding of the
resistance phenomenon.

Workshop participants described a range of actions that can help im-
prove vector-control efforts and minimize the spread of microbial resis-
tance:

• Expand surveillance programs to monitor the susceptibility of vec-
tor populations to pesticide resistance. Once data have been gathered, it is
crucial that the results be interpreted practically, in terms of control effi-
ciency, so that effective strategies for remediation can be undertaken.

• Promote the use of integrated pest management programs, which
in most cases are more effective than “single shot” programs in controlling
pest populations and minimizing their resistance to chemical control agents.

• Foster multidisciplinary research efforts involving scientists study-
ing microbial resistance and those studying various aspects of vector con-
trol, including how to prevent vectors from developing resistance to pesti-
cides.

• Expand and apply knowledge of the basic molecular mechanisms
underlying resistance to insecticides in order to develop novel control strat-
egies that can truly manage resistance.

• Develop and apply mathematical models to help understand com-
plex aspects of resistance, including efforts to control the emergence of
resistance, in both pests and pathogens. Researchers studying microbial
resistance and those studying insecticide resistance can benefit by working
together.

• Examine the successes and failures of current pest-control pro-
grams when developing public policies aimed at controlling the spread of
microbial resistance.

FACTORS CONTRIBUTING
TO THE EMERGENCE OF RESISTANCE

To best meet the problem of microbial resistance, it is necessary to
understand not only the scientific basis of how organisms become resistant
but also the social and administrative practices that contribute to the emer-
gence of resistance. A variety of factors have been identified, and important
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SUMMARY AND ASSESSMENT 9

advances continue to be made in understanding their roles and how they
might be mitigated.

Among the leading forces at work in the United States and other devel-
oped countries is the over-prescription of antimicrobials, particularly anti-
biotics, by physicians. Such overuse is fueled, in part, by patient expecta-
tions and demands. Growing patient awareness of antimicrobial agents
(sometimes generated by direct-to-consumer marketing and not necessarily
accompanied by understanding) sets up an expectation among patients that
they should receive such drugs, even in the absence of appropriate indica-
tions. A variety of factors—including diagnostic uncertainty, lack of oppor-
tunity for patient follow-up, pressure to minimize length of office visits that
precludes proper patient education, and lack of knowledge regarding opti-
mal therapies—may influence a physician’s response to patient demands.
Meanwhile, in many developing countries, antimicrobial agents are readily
available and can be purchased as a commodity without the advice or
prescription of a physician or other trained health care provider. In such
settings, drugs are often of questionable quality, with less than full potency,
thereby possibly promoting the emergence of resistant pathogenic organ-
isms—whether simply colonizers or in fact those involved in producing
disease—in people taking them.

Hospitals also are fertile breeding grounds for microbial resistance. The
combination of highly susceptible immunosuppressed patients (e.g., AIDS
patients, cancer patients, or transplant recipients) who lack the basic im-
mune mechanisms so essential to elimination of pathogens, intensive and
prolonged antimicrobial use, close proximity among patients, and multiple
invasive procedures have resulted in hospital-acquired infections that are
highly resistant to available therapeutics. Large hospitals and teaching hos-
pitals generally experience more problems with drug-resistant microbes,
probably because they treat greater numbers of the sickest patients and
those at highest risk of becoming infected. The failure of health care work-
ers to practice simple control measures that have been known for decades
(e.g., hand washing) frequently contributes to the spread of infection in
hospitals.

Some common types of human behavior increasingly play a role in
promoting resistance. Such behaviors as failure to complete recommended
treatment or self-medication are among the most frequent factors associ-
ated with the development of resistance. Noncompliance occurs when indi-
viduals forget to take medication, prematurely discontinue the medication
as they begin to feel better, or realize that they are unable to afford a full
course of therapy. Self-medication with antimicrobials almost always in-
volves unnecessary, inadequate, and ill-timed dosing—creating an ideal
environment for microbes to adapt rather than be eliminated. As mentioned
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10 THE RESISTANCE PHENOMENON

above, in many countries, antimicrobials are also readily available to con-
sumers without a medical prescription. Moreover, in some countries, prob-
lems of noncompliance and self-medication are magnified because signifi-
cant amounts of the available antimicrobials (particularly antibiotics) are
poorly manufactured, counterfeit, or have exceeded their effective lifetimes
and are thus less than fully effective.

Another important contributing factor is the overuse of antimicrobial
agents in animals raised commercially for food, such as poultry, pigs, and
cows. According to one estimate, approximately 40 percent of the 50 mil-
lion pounds of antibiotics produced in the United States in 1998 was given
to animals, either for therapeutic use or to promote growth. Overuse of
these agents can lead to the development of drug-resistant microbes (largely
bacteria, such as salmonella and campylobacter) that subsequently are trans-
mitted to humans, usually through food products. Concern also is growing
about the role played by the accumulation of low levels of antimicrobials
derived from consuming animal products in the emergence of resistant
pathogens among humans.

Workshop participants cited a number of specific initiatives that could
help to control the emergence of resistance:

• Expand efforts to prevent hospital-acquired infections. Important
activities include surveillance, outbreak investigation and control, steriliza-
tion and disinfection of equipment, and proper confinement of patients
infected with resistant microbes.

• Enforce infection control measures among health care workers in
acute and long-term care facilities, and other environments such as child
care facilities.

• Improve physicians’ prescribing practices through such means as
education, formulary restrictions, multidisciplinary drug utilization evalua-
tion, and computerized decision support systems. In all cases, the commit-
ment and participation of the prescribing clinician and the health care
institution are essential. Hospitals and clinics may derive direct financial
benefits from such improved prescription practices.

• Ensure that patients comply with recommended drug therapies.
This is one of the most important lessons that evolutionary biology can
contribute to health management—that when it comes to the evolution of
resistant diseases, half measures can increase problems of resistance.

• Expand research efforts to determine the effectiveness of short-
course antimicrobial therapy for acute and self-limiting infections.

• Tailor education and intervention programs to specific communi-
ties and countries, especially in the developing world, since cultural factors
will greatly determine their success.
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SUMMARY AND ASSESSMENT 11

• Conduct research to better understand the social and behavioral
determinants that influence the emergence of resistant pathogens.

• Prevent misuse and overuse of antimicrobial agents in agriculture.
This should include identifying critical control points along the continuum
of food production. For example, management changes carried out at the
farm level will not prevent the transfer of pathogenic organisms if there is
significant contamination post-harvest or in the processing of food.

• Expand public education efforts to explain why treatment with
antibiotics is not always the best medicine. In addition, numerous house-
hold products now contain antimicrobial agents that can encourage the
selection of resistant organisms; education efforts are needed to explain
that the same level of protection can be obtained with standard soap and
household disinfectants.

EMERGING TOOLS AND TECHNOLOGY
FOR COUNTERING RESISTANCE

The issue of how to counter microbial resistance continues to grow
more complex. The traditional means to overcoming resistance problems
has been to extend the useful life of current classes of antimicrobial drugs,
often by developing slightly different chemical derivatives, or to develop
wholly new classes of drugs that are not yet subject to resistance. However,
the first route often provides marginal gains at best. And while completely
novel classes of antimicrobials were discovered and subsequently intro-
duced rapidly into clinical practice during the 1940s and 1950s, only a
single new chemical class of antibiotics has emerged during the past several
decades. Looking forward, many at the workshop viewed the antimicrobial
pipeline as dismally empty.

Workshop participants described a variety of efforts to gain better
understanding of the genetics and biochemistry of pathogens and the mo-
lecular mechanisms by which they develop resistance to antimicrobials. The
genomics revolution, in particular, may be opening promising new avenues
for exploration, but the pharmaceutical pipeline has yet to be populated
with new classes of compounds under development. The promise seems
present, but it has yet to be realized.

One class of antibiotics that has received considerable attention is the
β-lactams. These drugs, which include penicillin, methicillin, oxacillin, and
the newer cephalosporins comprise particularly important classes of anti-
bacterials. Scientists have now demonstrated that nature has devised at
least four strategies by which bacteria can develop resistance to β-lactam
antibiotics. Of these, the most prevalent is the occurrence of certain en-
zymes, called β-lactamases, that break apart critical components of the
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12 THE RESISTANCE PHENOMENON

drugs. Moreover, four distinct and independent mechanisms have evolved
for the catalytic functions of these enzymes. Individually, the enzymes have
undergone additional diversification. These observations provide strong
evidence that random mutation and selection lead along different evolu-
tionary tangents depending on the environment a pathogen finds itself in,
the genetic composition of the organism, and the resources available to it.

Other research groups are taking a radically different approach to drug
design. Nearly all bacteria enter humans at a mucous membrane site, such
as the upper and lower respiratory tract or the intestines. These membranes
thus act as reservoirs for many pathogenic bacteria. To date, however, there
are essentially no drugs that can control pathogens on mucous membranes.
Because of the fear of developing resistance, antibiotics are not indicated
for control of the “carrier state” of pathogenic bacteria in most instances.
This means physicians must wait for infection to occur before treating the
patient. Yet, it is clear that by reducing or eliminating such human reser-
voirs of infection, the incidence of disease in the community will in turn be
markedly reduced. Some scientists are now exploring the potential use of
enzymes derived from viruses that infect bacteria (Yes, even bacteria are
subject to infections themselves!) that may have the capacity to treat or
prevent certain bacterial infections by safely and specifically destroying the
pathogenic microbes on mucous membranes, in spinal fluid, or possibly in
other closed compartments. For example, lytic enzymes derived from bacte-
riophage that are specific for S. pneumoniae and S. aureus could be admin-
istered nasally to control these organisms in people who spend time within
institutions where such infections are rampant, such as day care centers,
hospitals, and nursing homes.

However, getting promising candidate drugs to market is a long and
expensive venture. As part of the current regulatory approval process, drug
developers must evaluate whether their candidate achieves a clinical cure;
that is, whether a person receiving the agent becomes free of symptoms. But
this marker of success may not correlate with the extent to which the drug
killed and eliminated the pathogen. If the pathogen persists, despite im-
provements in the signs and symptoms of infection, then conditions are ripe
for the emergence of resistance.

This conundrum may be addressed by critically examining the pharma-
cokinetics and pharmacodynamics of new drugs using a technical approach
known as PK/PD. PK/PD is built on taking regular cultures from a person
receiving a therapeutic agent, and determining at which point pathogenic
microbes are no longer present. In this way, the technology offers a direct
measure of the agent’s ability not only to cure the patient but also to
eliminate the pathogen. PK/PD will not replace current evaluations of drug
efficacy. But conducting a complementary PK/PD analysis, which can be
done with a relatively small number of patients studied intensively but at a
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SUMMARY AND ASSESSMENT 13

modest cost, can provide data that may indicate how likely a drug candi-
date is to stimulate the emergence of microbial resistance.

Workshop participants highlighted a range of actions that will help in
developing new tools and technologies for countering resistance. These
included:

• Expand research to prolong the useful life of current antimicrobial
drugs and to develop new drugs, especially those with minimal potential for
triggering antimicrobial resistance.

• Identify and eliminate any economic or regulatory “disincentives”
that act to discourage pharmaceutical companies from undertaking research
in this area. In some cases, creating positive economic incentives to encour-
age such research may be warranted.

• Ensure that the regulatory process provides a clear and feasible
path for gaining approval of new therapeutic agents. This effort should
include identifying and adopting ways to keep the cost of clinical trials
required by regulation as low as safety allows.

• Develop ways to assess the potential emergence of microbial resis-
tance as a part of traditional clinical trials. One promising approach may be
to examine the pharmacokinetics and pharmacodynamics of new drugs as a
complementary aspect of drug trials.

• Expand the development of a variety of non-drug-related measures
(such as improved vaccines, diagnostics, and infection-control methods) to
prevent or limit the spread of microbial resistance.

• Conduct research to better understand the interactions among
pathogens, medical devices, and human hosts, and to develop rapid, reli-
able diagnostic techniques to identify the presence of infection, the specific
infecting organism, and its antimicrobial susceptibilities.

• Explore alternative approaches to the application of therapeutics,
such as alternating drug regimens. Both in medicine and agriculture, cyclic
use of chemical control agents can often retard the evolution of resistance.

STRATEGIES TO CONTAIN THE DEVELOPMENT AND
CONSEQUENCES OF RESISTANCE

Given the complexity of microbes—and their evolutionary drive to
survive—it follows that managing the varied problems associated with mi-
crobial resistance will require a richly interwoven response. Workshop par-
ticipants stressed that this response will require participation by individu-
als, organizations, and governments at the local, state, national, and
international levels.

The primary blueprint for federal actions in the United States is the
Public Health Action Plan to Combat Antimicrobial Resistance, issued in
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14 THE RESISTANCE PHENOMENON

2001 by a multiagency task force led by the Centers for Disease Control
and Prevention (CDC), the Food and Drug Administration (FDA), and the
National Institutes of Health. The task force developed a plan with input
from state and local health agencies, universities, professional societies,
pharmaceutical companies, health care delivery organizations, agricultural
producers, consumer groups, and other members of the public. This plan
will be implemented incrementally, in collaboration with these and other
partners, as resources become available. The task force is now developing a
second part of the plan, which will identify actions that more specifically
address international issues.

The domestic action plan has four focus areas: surveillance, prevention
and control, research, and product development. Among proposed efforts
to improve surveillance, the plan calls for developing and implementing a
coordinated national plan for monitoring antimicrobial resistance; ensuring
the availability of reliable drug susceptibility data; tracking patterns of
antimicrobial drug use; and monitoring antimicrobial resistance in agricul-
tural settings. Efforts to improve prevention and control include extending
the useful life of antimicrobial drugs through policies that discourage over-
use and misuse; improving diagnostic testing practices; and preventing in-
fection transmission through improved infection-control methods and use
of vaccines. Expanded research also will be critical, as basic and clinical
research provide the fundamental knowledge necessary to develop appro-
priate responses to antimicrobial resistance emerging in hospitals, commu-
nities, farms, and the food supply.

The plan calls for increasing understanding of microbial physiology,
ecology, genetics, and mechanisms of resistance; augmenting the existing
research infrastructure to support a critical mass of researchers in antimi-
crobial resistance and related fields; and translating research into clinically
useful products, such as novel approaches to detecting, preventing, and
treating antimicrobial-resistant infections. Strategies include fostering prod-
uct development to ensure that researchers and drug manufacturers are
focused on current and projected gaps in the arsenal of antimicrobial drugs,
vaccines, and diagnostics and of potential markets for these products; stimu-
lating the development and appropriate use of products for which custom-
ary market incentives are inadequate; and optimizing the development and
use of veterinary and related agricultural products that reduce the transfer
of resistance to pathogens that can infect humans.

Various federal agencies already are implementing parts of the action
plan. The FDA, as part of its mandated regulatory responsibility, has played
and continues to play an important role in ensuring that drugs and other
chemical agents used in humans and in animals being raised for human
consumption do not pose unacceptable health risks, including risks that
may arise as a result of antimicrobial resistance. For example, the agency
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has developed a Framework Document that proposes a modified approval
process for antimicrobials used in animals. The process is intended to en-
sure the human safety of such antimicrobials by prioritizing them according
to their importance in medicine and establishing required mitigation ac-
tions with increasing resistance.

The FDA also uses a variety of other approaches to address the issue of
antimicrobial resistance. For example, its Center for Drug Evaluation and
Research searches for ways to enhance the available approaches to the
development of new antibiotics. Among other efforts, the FDA is fostering
early communication with pharmaceutical companies, using the product-
labeling system to help educate physicians and other health care workers
about antimicrobial resistance, and exploring methods for using data col-
lected in clinical trials to make reliable inferences about a drug’s potential
to trigger antimicrobial resistance.

The CDC is active in promoting and implementing surveillance efforts,
prevention and control activities, and applied research, including preven-
tion research. One prevention and control effort, for example, focuses on
health care settings, where infection with resistant organisms—many of
them resistant to multiple drugs—has become a major patient safety con-
cern. The agency has initiated the Campaign to Prevent Antimicrobial Re-
sistance in Health Care Settings, a nationwide effort that targets front-line
clinicians, patient care partners, health care organizations, purchasers, and
patients. Its general goals include informing clinicians, patients, and other
stakeholders about the escalating problem of antimicrobial resistance in
health care settings; motivating interest in and acceptance of interventional
programs to prevent resistance; and providing clinicians with tools to sup-
port needed practice changes.

The campaign centers around four basic strategies that clinicians can
use to prevent antimicrobial resistance. These strategies include preventing
infections so as to directly reduce the need for antimicrobial exposure and
the emergence and selection of resistant strains; diagnosing and treating
infections properly, which will benefit patients and decrease the opportu-
nity for development and selection of resistant microbes; using antimicrobi-
als wisely, since optimal use will ensure proper patient care while avoiding
overuse of broad-spectrum antimicrobials and unnecessary treatment; and
preventing transmission of resistant organisms from one person to another
by emphasizing the importance of infection control. The CDC is now devel-
oping similar programs that target other groups of high-risk patients, in-
cluding hospitalized children, geriatric, obstetrical, critical-care, and surgi-
cal patients as well as nursing home residents and those on dialysis.

International organizations also are stepping up efforts to contain anti-
microbial resistance. Of particular note, the WHO in 2001 issued the WHO
Global Strategy for Containment of Antimicrobial Resistance. Its portfolio
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16 THE RESISTANCE PHENOMENON

of actions are intended for use by national governments and health systems,
patients and communities, prescribers and dispensers, hospitals, pharma-
ceutical companies and marketers, growers of food-producing animals, and
international organizations and partnerships concerned with containing
antimicrobial resistance. The plan details a comprehensive framework of
interventions designed to reduce the disease burden and the spread of infec-
tion, improve access to and improve use of appropriate antimicrobial agents,
strengthen health systems and their surveillance capabilities, introduce and
enforce regulations and legislation, and encourage the development of new
drugs and vaccines.

Much of the responsibility for implementing WHO’s strategy will fall
on individual countries, and some of them—especially in the developing
world—will need assistance. One such effort is being conducted by the
Rational Pharmaceutical Management Plus Program, directed by a nongov-
ernmental organization supported by the U.S. Agency for International
Development. In conjunction with several partners, the program is develop-
ing a systematic approach to designing national-level efforts to contain
antimicrobial resistance. This approach will provide a framework by which
various stakeholders, working with technical consultants when necessary,
can assess policies, drug use, and levels of resistance in their countries, and
then tailor a range of strategies for advocacy, policy development, and
systems change. Although this approach is generic, its implementation likely
will be country-specific and unfold in distinct ways, according to circum-
stances in each country. Whatever its specific character, it is anticipated
that the systematic approach will result in an increased level of awareness
about this issue, heightened activity among local health organizations, and
the introduction of stronger policies to monitor and contain the spread of
antimicrobial resistance.

In light of the increasing magnitude of the problem, many workshop
participants noted the need for implementing a vigorous, comprehensive
attack on antimicrobial resistance. Too many studies have highlighted the
problem—with their conclusions and recommendations remaining largely
unfulfilled. Participants also suggested a number of specific issues and pri-
orities that will help in containing the development and consequences of
antimicrobial resistance:

• Complete implementation of the Public Health Action Plan to
Combat Antimicrobial Resistance. This will require providing adequate
funding across a range of public agencies and private organizations.

• Continue implementation of the WHO Global Strategy for Con-
tainment of Antimicrobial Resistance. Special priority should be given to
the development of national legislation that eliminates the distribution of
antibiotics without prescription from a trained health care provider; educa-
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tion directed at distributors and consumers as well as prescribers of antibi-
otics; infection control to prevent the dissemination of resistant strains;
quality assurance of antibiotics and other medicines; and the establishment
of functional and sustainable laboratories for antibiotic resistance surveil-
lance.

• Implement and expand surveillance efforts, at all levels, to ensure
early detection of antimicrobial resistance problems. In the United States,
disease reporting is mandated by state laws, but most states do not require
reporting of drug susceptibility information, and the completeness of re-
porting varies. Some current surveillance systems need enhancement using
updated laboratory and informatics technologies.

• Expand professional education and training, such as through ex-
panded use of the CDC’s “12 Steps to Prevent Antimicrobial Resistance”
programs aimed primarily at front-line clinicians dealing with high-risk
patients. Professional societies also can take a more active role in promot-
ing education for their members.

• Conduct economic studies of antimicrobial resistance to comple-
ment scientific and epidemiological studies. Such studies can both inform
the policy making process and suggest ways to provide incentives to indi-
viduals and institutions, such as hospitals, to adopt practices that will help
limit the spread of antimicrobial resistance.

Stanley M. Lemon, M.D.
Dean of Medicine

The University of Texas
Medical Branch at Galveston
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1

Introduction

MICROBIAL RESISTANCE:
ADOPTING AN EVOLUTIONARY APPROACH

Resistance of infectious microorganisms to therapeutics is a serious—
and growing—health threat in the developed and developing world alike.
Introductions of new classes of antimicrobial drugs have been followed,
often quickly, by the emergence of resistant microorganisms. Drug-resistant
pathogens are now commonplace in hospitals and other health care set-
tings, and they are increasingly found in communities as well. Compound-
ing the problem, drug discovery efforts are yielding fewer truly new leads
toward novel classes of antimicrobial agents.

In addition to the direct effect of antimicrobial resistance on human
health, there also is an economic cost. In one estimate, for example, the
hundreds of thousands of penicillin-resistant and methicillin-resistant infec-
tions that occur in the United States each year add roughly $30 billion to
the national health care bill. Higher costs that result from antimicrobial
resistance are particularly burdensome for developing nations, and in some
cases effective therapies are now priced out of practical reach.

One major factor contributing to the emergence of drug-resistant mi-
crobes is the increase in the sheer volume of antimicrobial agents, particu-
larly antibiotics, being used today. By one analysis, between 35 million and
50 million pounds of antibiotics are produced annually in the United States
alone, for medical use in humans as well as agricultural use in a variety of
animals and plants. Recent years also have seen an explosion of household
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20 THE RESISTANCE PHENOMENON

products that contain antibacterial agents. This “antibacterial craze” defies
the critical message that washing with soap and water is sufficient to pro-
vide hygiene to healthy individuals. Moreover, some studies indicate that
bacteria emerging with resistance to these chemicals show decreased sus-
ceptibility to a number of antibiotics.

The unrelenting spread of antimicrobial resistance has been recognized
for some time, with a number of public and private organizations issuing
reports calling for action by the health care community, governments, and
the public. The World Health Organization (WHO), for example, has de-
clared antimicrobial resistance to be one of the top three issues in global
health. Yet, efforts to manage antimicrobial resistance have, in general,
remained insufficient in the face of the magnitude of the problem.

Not only are more—and better coordinated—efforts required. There
also is a need to view antimicrobial resistance in a fundamentally different
way. Where we once concentrated primarily on developing chemicals to
eradicate pathogens, we now need to pay closer attention to the ecology
and evolution of infection. Developing a fuller understanding of how mi-
crobes evolve when faced with drugs that threaten their survival may lead
to innovative ways to bring them under control.

Indeed, genetics and evolutionary science hold some important lessons.
Over the past 10 years, for example, scientists have expanded their knowl-
edge of the breadth and complexity of the genetics of antimicrobial resis-
tance. Hundreds of genes have been identified that render a variety of
microbes resistant to a variety of drugs. These findings are encouraging
laboratories, both public and private, to step up efforts to define new
resistance genes and investigate their biochemical activity.

Evolutionary science has grown in sophistication and predictive power,
and a body of theory and practical observation now exists that suggests
possible strategies for helping to solve some of the problems that arise from
the continued “arms races” between humans and microbes. For example, a
number of ways have been demonstrated to slow down the evolution of
drug resistance. These approaches include, among others, drug overkill
strategies that reduce a microbe’s potential for genetic mutation, direct
observation therapy to ensure that patients complete their full courses of
treatment, and alternating use of various antibiotic drugs to lessen the
genetic pressure that promotes resistance. Another promising avenue begin-
ning to be explored involves developing drugs that “engineer” a microbe’s
genetic mutations in a way that imposes a fitness cost and renders the
pathogen less able to survive or evolve in its human host.

Use of such tactics follows from the realization that fighting infectious
disease is only part of the health care battle. Suppressing the emergence of
these diseases also should be an integral part of the agenda to foster the
long-term promotion of human health.
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INTRODUCTION 21

ARMS RACES AND ANTIMICROBIAL RESISTANCE: USING
EVOLUTIONARY SCIENCE TO SLOW EVOLUTION

Stephen R. Palumbi, Ph.D.

Department of Organismic and Evolutionary Biology
Harvard University, Cambridge, MA

A Thomson’s gazelle can run like lightning late for a train: a fact that
meshes beautifully with the prime place that this fleet animal holds on the
menu of the world’s fastest cat—the cheetah. The predator-prey drama
unfolds with dinner on one side and death on the other, and the evolution-
ary dynamics that drive this system are very clear. Both cheetah and gazelle
are in an arms race: where evolutionary change of the predator drives either
compensatory change in the prey—or extinction. Any increase in gazelle
speed or maneuverability exerts evolutionary pressure on the cheetah to
notch up its own speed. The result of this arms race is a steady escalation of
running ability, until both players challenge the maximum performance
their basic construction will allow. Escalation caused by predator-prey arms
races is a normal expectation of evolutionary models. Similar dynamics
play out in many aspects of human-disease interactions, and similar evolu-
tionary predictions have been validated many times.

Antibiotics exert a powerful evolutionary force, driving infectious bac-
teria to evolve powerful defenses against all but the most recently invented
drugs. For example, when penicillin first became available in the middle
1940s, most infections caused by Staphylococcus aureus could be easily
cured by a dose of 10,000 units (Neu, 1994). But by the late 1940s resistant
strains were reported, and were so common by the early 1960s that hospi-
tals in North America switched treatment strategies to the more powerful,
and more expensive drug, methicillin (see Table 1-1). Methicillin resistance,
discovered for the first time in Cairo in 1961, has spread so that by 2000, it
rendered about 50 percent of the hospital-acquired infections of S. aureus
resistant to the drug. Vancomycin, called the drug of last resort, cured these
more powerful infections, but cases of resistance are increasing. In 1999,
the FDA approved linezolid to treat vancomycin-resistant infections. The
first linezolid-resistant bacteria are currently making the rounds.

This classic arms race between the evolutionary potential of bacteria
and the industrial power of the modern pharmaceutical industry results in
two important features of modern health care. First, antibiotic treatments
are not static—they change over time as new strains of bacteria evolve and
spread. Second, the substitution of treatments generally results in steady
escalation of treatment costs. Generic amoxicillin is a standard treatment
for childhood infections, with a cost of $4–$24. But so many strains of
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22 THE RESISTANCE PHENOMENON

bacteria have evolved beta-lactamase enzymes that destroy the antibiotic
that new formulations also include a beta-lactamase inhibitor, clavulanic
acid. The resulting mixture, co-amoxyclav, has an augmented price of $64–
$172 according to the Consumers Union of the United States (2001).

Overall these increases can have a substantial impact on health care
costs. For example, if a hospital patient becomes infected with S. aureus,
and the strain is resistant to penicillin, then the average hospital bill in-
creases by about $9,000 in the United States (Abramson and Sexton, 1999).
Should the strain prove to be resistant to methicillin as well, then the cost
increase triples to $27,000. These costs add up to substantially increased
expenditures in local hospitals: in the New York city area, costs of treating
resistant S. aureus exceeded $400 million in 1999 (Rubin et al., 1999). The
hundreds of thousands of penicillin-resistant and methicillin-resistant infec-
tions in the United States add to the national health care bill by an esti-
mated $30 billion (Palumbi, 2001b).

Rapid Escalation of HIV

Probably one of the world’s fastest evolving human diseases is also one
of the clearest examples of arms races in health care and the escalation that
results. Human immunodeficiency virus (HIV-1) has one of the fastest
mutation rates on record due to a high error rate in its main genome-
copying enzyme reverse transcriptase. The practical result of this high rate
of mutation is that every infection of a new individual results in a unique
evolutionary trajectory as the virus mutates into many slightly different
forms. HIV is not a single infection, but a welter of different infections
termed a quasi-species (Crandall, 1999).

This variation fuels rapid HIV evolution in response to two different
sources of selection. This first source is the immune system of the person

TABLE 1-1 The History of Our Ongoing Race with Staphylococcus
aureus

1943 penicillin available
1947 first resistant strains reported
1960s switch to methicillin
1961 methicillin-resistant strain found in Cairo
1980s methicillin resistance rising, vancomycin used as last resort
1992 15% methicillin-resistant
1996 35% methicillin-resistant
2000 50% methicillin-resistant
2002 vancomycin resistance reported

SOURCE: Garrett, 1994; Palumbi, 2001a; CDC, 2002a.
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harboring the disease, which responds to HIV infection the way it should:
by mounting a vigorous defense. But even though the immune system tar-
gets and destroys the first infective virus, by the time this defense is acti-
vated, the virus has mutated into so many forms that some of them evade
immune detection. Mere weeks after the start of the immune response,
amino acid evolution in the coat proteins that cover the viral shell has
begun (see Figure 1-1). The cycle of immune targeting and viral escape
repeats many times, each cycle representing a turning of the arms race
wheel. Because the cellular hosts of HIV are T cells, which play an impor-
tant role in the immune system, each arms race cycle reduces the strength of
the immune system, eventually resulting in an immune collapse, and the
onset of acquired immune deficiency syndrome (AIDS).

This is only the first of two major arms races with HIV. The second
ignites when antiretroviral drugs are used to combat the virus. In every
case, HIV evolves so quickly in response to this strong selection that anti-
retroviral drugs, used singly, have only a short window of effectiveness. For
example, AZT was one of the first effective anti-HIV drugs. At first it
worked well to reduce viral loads and to remove circulating viral RNAs
from the bloodstream. This was because the reverse transcriptase enzyme

6050403020100
0

1

2

3

4

5

6

7

8

Patient 4

Patient 5

Weeks after immune response begins

N
um

be
r 

of
 a

m
in

o 
ac

id
 s

ub
st

itu
tio

ns

FIGURE 1-1 Rapid evolution of amino acid sequence of HIV coat proteins after
the start of the immune response to infection. Within months, coat proteins evolve
to evade immune detection. SOURCE: Wolinsky et al., 1996.
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FIGURE 1-2 Evolution of AZT resistance in HIV occurs rapidly after the beginning
of treatment. SOURCE: Larder and Kemp, 1989.
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used AZT instead of the normal DNA precursors when it copied viral RNA
into DNA, and these altered DNA copies were non-functional (Palumbi,
2001a). But within 6–18 months, HIV levels rose in AZT-treated patients,
and the virus no longer responded to the drug (see Figure 1-2). Studies
conducted in vitro showed that HIV quickly evolved the ability to grow in
the presence of AZT. Further studies showed that four amino acid substitu-
tions were required to confer virtual immunity of HIV to AZT, and that
these same four amino acid substitutions occurred independently in patient
after patient (see Figure 1-3). Not only is this an excellent, experimental
demonstration of convergent evolution, but it also shows the ability of
selection and mutation to combine to produce rapid HIV evolution within
each infected individual.

HIV also evolves quickly in the presence of other drugs to become
resistant. In fact there is no single drug to which HIV has not been able to
evolve resistance. Ignoring this widespread and pervasive evolution would
be a fatal mistake.

The global cost of this rapid evolution must also not be ignored, be-
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cause HIV evolution demands huge payments in human lives and health
care expenditures. AZT is relatively cheap to produce, and if not for evolu-
tion of resistance, we would have substantially overcome HIV years ago by
deploying this and other anti-retrovirals. Instead, HIV evolution prevents
us from using simple drug treatment strategies, and HIV sufferers in North
America and Europe rely on triple-drug therapy to stall the progress of the
disease. This treatment is expensive (about $15,000–$20,000 a year per
patient in the United States in 2000 [Bozzette et al., 2001]), and contributes
$6 billion–$8 billion to U.S. annual health care costs (Palumbi, 2001b).
Such high costs are impossible to meet in many developing nations, espe-
cially those in Africa that are the epicenter of the global HIV epidemic. In
this case, the escalation of costs during the arms race with HIV results in a
disease which is only temporarily manageable medically and entirely un-
manageable economically.

Escalation and Global Medical Care

Other human diseases are evolving so quickly that they too are more
and more expensive to treat, causing grave concerns about the ability to
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FIGURE 1-3 Four amino acid substitutions in the reverse transcriptase enzyme are
sufficient to confer strong AZT resistance. These four substitutions occur in differ-
ent order but accumulate in independent cases of the evolution of resistance.
SOURCE: Larder and Kemp, 1989.
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treat them in poor populations. Tuberculosis (TB) is relatively easy to cure
as long as a patient takes a long enough dose of the appropriate antibiotics.
But because treatment demands a six-month drug course, it is common for
people to cease taking the proper antibiotics before a cure is effected.
Relapses after a partial drug course are common, and the strain of TB that
re-emerges has a much higher chance of being resistant (Lewis, 1995).
These resistant strains can take up to 200 days in a hospital to cure, at a
cost that far exceeds the cost of curing the original, non-resistant strain.
Likewise, malaria (Hastings and Mackinnon, 1998), leprosy (Honore and
Cole, 1993), as well as a host of other bacteria like Enterococcus faecium
(Schentag et al., 1998) have evolved strains that are expensive to treat. All
these outcomes result from the same basic evolutionary mechanism of arms
races and escalation.

Antibiotic resistance and other evolutionary responses to medical treat-
ment parallel the evolution of resistance in insect pests, agricultural weeds,
and fisheries populations under strong selective mortality (Palumbi, 2001b).
Such evolutionary changes have long been heralded, but there has been
little in the way of coordinated response to this threat. In some sense this
lack of coordinated response stems from the failure of medical, agricultural,
and public health industries to realize that insect and bacterial resistance
are based on the same evolutionary principles, and therefore can be ad-
dressed in the same fundamental ways. Over the past few decades, evolu-
tionary science has grown in sophistication and predictive power, and has
produced a body of theory and practical observation that can be used to
help solve some of the problems of arms race escalation outlined above.
Certainly, this approach cannot invent new drugs or roll back resistance,
but it can help in important ways.

Evolutionary Science and Arms Races

From the standpoint of evolutionary science, arms races can be under-
stood as the outcome of antagonistic coevolution, where evolutionary
change in one species induces change in a second that induces more change
in the first. This positive feedback loop is common whenever one species
causes mortality in a second, but it is not inevitable. Furthermore, the rate
and the direction of coevolution can be changed. As a result, understanding
the evolutionary machinery that drives arms races can provide clues about
how to throw a wrench in the works. Over the last decade, a number of
different ways to slow down, halt, or reverse arms races have been invented
and tried. In some cases, these efforts have paid off well to reduce the
problems of antibiotic resistance, and can provide some clues about efforts
that may be valuable in the future.
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Drug Overkill

If we are in an arms race with HIV and it is one of the most quickly
evolving organisms known, why has there been recent victory over HIV?
What stopped the HIV race? Current medical care in the United States
emphasizes administration of triple drug therapy, the combined administra-
tion of reverse transcriptase inhibitors and protease inhibitors (Ho, 1995).
This approach has reduced deaths due to HIV by several-fold since 1996,
and it has greatly slowed the evolution of this disease within patients (Wong
et al., 1997). But how?

Triple drug therapy works to slow evolution because it is a drug over-
kill strategy. The combination of drugs is so potent that even among the
enormous numbers of viruses circulating in the bloodstream, none pos-
sesses the genetic mutations necessary to allow the virus to grow. Essen-
tially, there is no variation among viruses for the ability to grow in the
presence of triple drug therapy. Evolution is fueled by variation, and where
there is none, evolution halts. As a result, in overkill strategies, not only are
the viruses quelled by potent drugs, but their ability to evolve resistance
defenses is seriously curtailed.

Unfortunately, this strategy for HIV has not effected any cures. It is
sufficient to keep the virus in check and to prevent its rapid evolution, but
it has not yet led to the cure of anyone with HIV. This means that our
current drug strategy is best viewed as a temporary measure to slow down
the HIV rampage while a more permanent solution is found.

Direct Observation Therapy

Hidden within the success of drug overkill strategies lies the reason for
the failure of many less powerful antimicrobial approaches. If complete
inhibition of viral growth explains slow HIV evolution during triple-drug
treatment, then partial treatment can easily be seen as a major impetus to
the evolution of resistance. This is one of the most important lessons that
evolutionary biology can contribute to health management—that when it
comes to the evolution of resistance diseases, half measures can kill.

To see why this is true, imagine that a population of bacteria in an
infection varies in the susceptibility of individual cells to a drug, and that
some cells die in the presence of a drug dose more quickly than others (see
Figure 1-4). The median life span of infectious cells in the presence of the
drug is about 6.5 days in this example. If treatment stops after this time,
half the cells have died, but the other half survive, going on to reproduce.
Assuming their offspring inherit their drug survival abilities, then the me-
dian life expectancy of the half that are left increases to about 9 days. A 10-
day drug course eliminates 80 percent of the cells, but the survivors have a
median drug resistance time of about 12 days.
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28 THE RESISTANCE PHENOMENON

The increase in survival time among infectious cells after a drug treat-
ment is called the “response to selection,” and it increases with the severity
of the selection and the heritability of the trait in question. Only when the
complete drug course is taken, and all the infectious cells in the body have
been eliminated does the response to selection drop. At this point, selection
is 100 percent, no cells are left to start a new generation (unless there is
reinfection from outside), and evolution cannot proceed. Although this is a
hypothetical example, and the response to a drug course may not be as
smooth as depicted in Figure 1-4, the overall point is that the result of
selection is always a more robust population, unless mortality is complete,
or heritability is low.

These considerations show why there is an increasing call for rigorous
adherence to antibiotic treatment protocols, and why partial doses of anti-
biotics are contributing so heavily to the evolution of drug resistance. Pro-
longed treatment with antimicrobials is also important because of their
impact on commensal flora. Even judicious use of antimicrobials will not
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FIGURE 1-4 Hypothetical relationship between survival of a population of infec-
tious cells and the length of a drug treatment regimen. The graph and subsequent
discussion assume wide, genetically based variation in susceptibility in the original
population, and no heterogeneity in drug exposure.
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completely halt evolution of resistance because such evolution could also
occur in normal bacterial flora that is exposed to antimicrobials during
treatment of a pathogenic disease, or in pathogenic organisms inhabiting
the outside environment. High titres of antimicrobials in soils or water, for
example, may select for resistance (Ash et al., 2002). In management of
tuberculosis, strict treatment protocols include six or more months of anti-
biotic use, largely because the slow-growing TB bacteria have a long drug
survival time. To reduce the evolution of resistance caused by failure to
complete such long courses, Direct Observation Therapy uses a protocol in
which TB drugs are delivered daily to outpatients, who then take the drugs
under observation. Such assurance of a complete TB treatment greatly
reduces the rate of relapse, slows the evolution of resistance, and decreases
the cost of treating resistant TB. It has been used in developing countries as
well as in urban centers in the United States to help stem TB epidemics. The
basic principle applies to any infectious disease for which a partial antibi-
otic dose would generate a strong evolutionary response to selection. The
strategy slows arms races because it breaks the evolutionary cycle.

Integrated Pest Management

Attempts to slow the evolution of resistance are not restricted to medi-
cine. Insect resistance to pesticides is a growing problem (Georghiou, 1986)
in which arms races generate escalation in the strength and concentrations
of insecticides used by farmers. Control failures result in increased pesticide
use, potential environmental damage, and expensive crop losses. Reducing
the speed of evolution in these cases can result from reducing the selection
imposed by insecticides, a reduction that can be accomplished by using
alternative tactics—besides chemical treatment—to control populations.
Alternatives like using traps, baits, or an insect predator such as a praying
mantis, or using crop rotations to prevent buildup of particular pest species
can all postpone the need for chemical spraying, and therefore reduce the
selection imposed by pesticides, and thus reduce the evolution of resistance.
In these cases, overall insect mortality might remain high. But because the
mortality sources are variable, the response to selection caused by any
single mortality agent is smaller, and the evolution that results is slower.

In hospitals, integrated pest management can be called hand washing—
the use of physical antimicrobial measures to reduce populations of poten-
tial infectious agents. These approaches do not supplant the use of antibiot-
ics, but they reduce their use, saving them for times and places in which
antibiotic drugs are absolutely required. Because antibiotic use is lower,
selection for resistance is lower. Consider the result of using spray antibiot-
ics to sterilize hospital instruments or other equipment. Each application
acts as an opportunity for selection of bacterial populations for increased
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resistance. But when those same instruments are comprehensively sterilized
with heat, there is no selection for antibiotic resistance.

Alternating Antibiotic Use

The general principle of diversifying the force of selection can apply to
antimicrobial use if a suite of different agents are employed so that the
selection against any single one of them is lessened. Like the above example
in which antimicrobial use is lessened through application of other disinfec-
tant techniques, selection for resistance to any one antimicrobial can some-
times be lessened through alternating use of different drugs. Both in medi-
cine and agriculture, cyclic use of chemical control agents lessens the
evolution of resistance. For herbicides, for example, many farmers are dis-
couraged from using the same herbicide more than two growing seasons in
a row, because otherwise resistant weeds crop up too often.

Likewise, some hospitals have tried cycling among different antibiotics
in an attempt to reduce the evolution of resistance, and reduce the costs of
treating resistant infections. In these cases, drug use is switched on a pre-
scribed schedule, often resulting in reduced infections, reduced incidence of
resistance, or reduced costs (see Table 1-2). Emerging theory helps design
treatment protocols that limit resistance (Bonhoeffer et al., 1997), although
substantial questions about how to implement these strategies remain.

Fitness Costs of Resistance

Trade-offs in adaptation are a consistent theme in evolutionary sci-
ence—adaptation to favor one attribute (like flight in birds) may have a
high cost (e.g., large mass allocation to flight muscles) or lead to parallel
changes that may be deleterious in some cases (like hollow and brittle
bones). In cases in which flight was no longer adaptive—like predator-free
oceanic islands—these fitness costs of flight are reversed, and birds have

TABLE 1-2 Responses to Antibiotic Cycling in Hospitals Trying to
Reduce Costs of Treating Resistant Infections

Target Response Study

Gentamicin resistance Improvement Gerding et al., 1991
Ceftazidime resistance Reduced infection Kollef et al., 1997
Ceftazidime resistance Reduced drug use Kollef et al., 2000
Multi-drug resistance No improvement Dominguez et al., 2000
Ciprofloxacin resistance Reduced infection Gruson et al., 2000
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evolved flightlessness (a feature that is not necessarily a good strategy after
humans discover these islands, as the dodo and many flightless New Zealand
moas found out).

In the case of antimicrobial resistance, the evolution of mechanisms to
evade drug actions might be highly costly or generate parallel, deleterious
change. Enzymes that degrade or pump antibiotics are expensive to pro-
duce. Ribosomes that are resistant to tetracycline may be slower to synthe-
size proteins. If this were generally true, then cessation of use of an antibi-
otic would result in the de-evolution of resistance because cells that did not
have resistant abilities would be favored. In such cases, we could reverse the
course of evolution by shelving the drug for a while.

Although antibiotic resistance mechanisms that impose a fitness cost
are known, in general fitness costs of antibiotic resistance are fairly small.
In some experiments, resistant and non-resistant bacterial strains have been
grown together in the absence of antibiotics for thousands of generations
without the resistantless strains taking over. Such cases generate problems
because once established, these “cheap” resistance mechanisms are difficult
to eradicate. Antibiotic cycling protocols detailed above will not necessarily
work to reduce the evolution of these strategies, and other approaches like
Integrated Pest Management will have similarly reduced effectiveness.

We cannot change the nature of resistant mutations, and therefore
cannot engineer the evolution of mutations that happen to have fitness
costs. However, one avenue to explore is the development of new antibiot-
ics for which a resistance mechanism would pose a fitness cost. The choice
to develop and deploy an antibiotic rests on many different features of its
performance, but one feature that might be taken more heavily into account
is the nature and cost of mutations that provide resistance. Given that
resistance is inevitable, those antibiotics that impose a fitness cost on resis-
tant strains might be most valuable in the long term—both from a public
health and from an economic point of view.

Conclusions

Evolutionary arms races provide a valuable conceptual framework in
which to understand the nature of the current crisis in antimicrobial resis-
tance, and understand the evolutionary principles involved. Even if co-
evolutionary changes are inevitable as a result of antimicrobial arms races,
there are strategies that can be used to slow down their advance, and
perhaps curtail the evolution of resistance. Current examples of successful
deceleration of evolution include drug overkill strategies, direct observation
therapy, integrated pest management, and antibiotic cycling. Use of these
tactics follows from the realization that fighting infectious disease is only
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part of the health care battle. In addition, fighting the evolution of these
diseases must be part of the agenda for long-term human health care.

ANTIBIOTIC RESISTANCE 1992–2002: A DECADE’S JOURNEY

Stuart B. Levy, M.D.

Center for Adaptation Genetics and Drug Resistance
Tufts University School of Medicine, Boston, MA

This overview briefly examines the status of antibiotic resistance over a
10-year perspective which is described more fully in the second edition of
The Antibiotic Paradox (Levy, 2002a).

In 1992, I warned about ominous events, like the emergence of vanco-
mycin-resistant Staphylococcus aureus or the widespread appearance of
Streptococcus pneumoniae resistant to multiple drugs, or fluoroquinolone-
resistant E. coli (Levy, 1992). It is no surprise now that these are actual
events—but what else has happened over the past decade?

While there are many factors involved in the emergence of antibiotic
resistance, the two major ones still operate today: the antibiotic, which
encourages selection and evolution of resistant strains, and the resistance
genes which are acquired by bacteria or appear by mutation.

Over the past ten years, investigators have identified many additional
transferable resistance genes. In 1992 there were 25 TEM-like β-lactamases
described. Currently, the β-lactamase website (http://www.lahey.org/stud-
ies/webt.stm) lists over 100. In 1992, tetracycline resistance determinants
numbered 12; in 2002, there are 35. Ten years ago, there were perhaps two
or three types of multi-drug efflux pumps. Now, there are five (Alekshun
and Levy, 2000). These new genetic findings represent growing knowledge
of the breadth and complexity of antibiotic resistance.

These findings indicate that new drug resistance determinants are reach-
ing clinically detectable levels under the selection of continued antibiotic
misuse. Scientists are stimulated to evaluate, clone, and genetically define
them. These efforts represent an increased interest in resistance—not nearly
enough, but more than before. It is heartening to see laboratories defining
new resistance genes and investigating their biochemical activity.

Over the past decade, the use of antibiotics has continued to increase,
even though the actual quantity is still controversial. By my estimate there
are between 35 and 50 million pounds of antibiotics being produced in the
United States (Levy, 2002a). Some groups have said that animals use half
this amount. Others say that almost 25 million pounds go to animals and
that people use less than 5 million pounds (Mellon et al., 2001). Studies are
underway to try to quantitate antibiotic use. In that context, an estimated
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260 million prescriptions for antibiotics were filled in outpatient pharma-
cies in the United States in 1996 (Hutchinson, 1998). This figure does not
include hospital use. Therefore, a considerable amount of pressure is being
exerted on the natural microbial environment by the antibiotics provided to
humans, animals, and plants, including the spraying of antibiotics on fruit
trees.

One area in which antibiotic usage has decreased is in aquaculture. In
1992 there were no FDA regulations on how antibiotics were to be pro-
vided to the fish industry (Levy, 1992). There was no government mark on
a piece of fish that identified whether it did or did not come from a fishery
using antibiotics. Today the aquaculture industry has decreased the use of
antibiotic-impregnated feeds by as much as four-fold (Levy, 2002a). Part of
the reason for this change is in response to outside pressure; part is linked to
improved hygiene and increased use of vaccines. The industry uses public
areas to raise the fish. The seas, ponds, and other waters are overseen by
ecology groups which have little tolerance for environmental pollution and
put forth great efforts in protecting the environment.

An area that has also broadened over the decade is the genetics of
resistance. We have heard about transposons, plasmids, and bacteriophages
before, but a newer genetic entity has reached greater recognition in the last
decade—the “integron.” Showing structural resemblance to transposons,
integrons carry different genes, including those for antibiotic resistance, in
a series behind a single promoter from which expression of all the genes
downstream occurs. Integrons capture and integrate cassettes of antibiotic
resistance genes and other genes via an integrase. The genes are joined in
tandem, producing a single element mediating resistance to multiple antibi-
otics. The integron has been shown to be responsible for multi-drug resis-
tance in a large number of gram-negative bacteria and helps explain the
multi-drug resistance phenomenon of the current and previous decade.

At the end of the 1980s and continuing into the 1990s, vancomycin-
resistant enterococci (VRE) bearing a large plasmid-borne transposon be-
gan to appear in hospital patients. The situation has worsened over the past
decade. Virtually every hospital in the United States encounters VRE. It was
expected that this genetic element would enter S. aureus, largely because
transfer had been shown on mouse skins in the laboratory of W. Noble in
London (Noble et al., 1992). But it did not happen quickly over the ensuing
years, and, actually, not until just this year (2002).

Two different strains of S. aureus with full-fledged vancomycin resis-
tance mediated by the vanA gene were isolated in the United States. The
first was identified in a patient in Michigan in July (Centers for Disease
Control and Prevention [CDC], 2002a) and the second in a patient in
Pennsylvania in October (CDC, 2002b). Thus the drastic event feared a
decade ago is now a reality. We can wonder what the future will bring in
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terms of other vanA-resistant S. aureus clinical isolates and how wide the
determinant has already spread among staphylococci.

Before this current emergence, hospitals saw S. aureus strains that were
heterogeneously resistant or homogeneously resistant to vancomycin by
chromosomal mutation. These so-called vancomycin intermediate resistant
strains, or “VISA,” have appeared in Japan, the United States, and else-
where. Although the clinical laboratory tests (e.g., MIC values) might not
designate these strains as fully resistant, patients bearing them have failed
vancomycin therapy. Thus, they are clinically vancomycin-resistant.

In the beginning of the last decade, the fluoroquinolone family of anti-
biotics was a small group. Today there are more than a dozen different
members of this family used worldwide. Initially, these agents were pro-
vided for serious multi-drug-resistant infections. Eventually, as resistance
emerged to other first-line antibiotics, (for instance, in E. coli urinary tract
infections), the fluoroquinolones became much more widely used in the
community. Following closely on the heels of this increased use was the
emergence of fluoroquinolone resistance. There are strains of E. coli in
Southeast Asia, China, and even in the United States, that are resistant to
greater than 250 µg/ml of the drug—the result of multiple mutations in the
target genes, the topoisomerases, in combination with increased expression
of multi-drug efflux pumps. What happened is something few could have
predicted—the emergence of many different mutations producing a clini-
cally relevant fluoroquinolone resistance in gram-negative bacteria.

Among the staphylococci, fluoroquinolone resistance was detected rela-
tively soon after the introduction of the first fluoroquinolones. Gram-posi-
tive bacteria, including S. aureus, emerged with target gene mutations and/
or efflux pumps. These mutations when present in a strain make the newer
generation fluoroquinolones (designed to treat gram-positive bacteria) less
effective and render the strains one or two mutational steps from full-
fledged resistance.

In London, ciprofloxacin resistance in Salmonella typhi rose from just
a few percent in 1996–1997 to about 25 percent in 1998 and 1999 (Threlfall
and Ward, 2001). Many of the strains initially came from outside the
United Kingdom, but were propagated and spread by fluoroquinolone use
within the United Kingdom. This finding raises grave concerns that
ciprofloxacin may not remain effective as a drug of last resort in those parts
of the world where resistance to other antibiotics, namely ampicillin,
chloramphenicol, and co-trimoxazole, has eliminated these drugs as effec-
tive treatment for typhoid fever.

In the United States, the CDC described four patients in Minnesota and
North Dakota who died from a methicillin-resistant S. aureus (MRSA)
infection whose resistance was not recognized early (CDC, 1999). MRSA,
while well known among hospital patients, is not commonly found in the
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community. The unique feature of the so-called “community-acquired
MRSA” was that they were resistant chiefly to β-lactam antibiotics, which
included methicillin, but not other antibiotic classes like vancomycin, or the
aminoglycosides.

For the physicians in the community, the first thought was to use a
penicillin. No one expected that MRSA was the infectious cause in these
children. The number of community-acquired MRSA strains is increasing:
in one Chicago hospital, the rate per 100,000 admissions was 10 in 1988–
1990, rising to 259 in 1993–1995 (Herold et al., 1998).

Also in the community, there has been a steady rise in antibiotic-resis-
tant pneumococci. Just recently, the CDC reported an 11-month-old girl
from a community in Georgia with refractory otitis media caused by a
pneumococcus resistant to six different antibiotics (CDC, 2002c). She re-
quired hospitalization. The infection was traced to a day-care center where
many other children were colonized with the same organism. This was not
an urban environment with heavy antibiotic usage, but rather a small com-
munity. However, antibiotic usage there was largely without guidelines.
Importantly, the pneumococcal vaccine, which covered the organism in-
volved, had not been introduced.

Today, many different multi-drug-resistant bacteria, including both
gram-negative and gram-positive bacteria, cause problems in communities
as well as hospitals (see Table 1-3). These resistant organisms affect the
health of our larger populations.

What else has happened to encourage resistance?

TABLE 1-3 Clinical Problems of Multi-Drug Resistance

Hospital-acquired disease organisms Community-acquired disease organisms

Gram-negative Gram-negative
Acinetobacter sp. Escherichia coli
Citrobacter sp. Neisseria gonorrhoeae
Enterobacter sp. Salmonella typhi
Escherichia coli Salmonella typhimurium
Klebsiella sp.
Pseudomonas aeruginosa Gram-positive
Serratia marcescens Enterococcus sp.: VRE

Mycobacterium tuberculosis
Gram-positive
Enterococcus sp.: VRE Staphylococcus aureus: MRSA
Coagulase-negative staphylococci Streptococcus pneumoniae
Staphylococcus aureus: MRSA;VISA;VRSA Streptococcus pyogenes

SOURCE: Levy, 2002b.
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Antibacterials is a common name given to surface agents (otherwise
known as biocides) contained within household products which inhibit a
variety of microbes. Some act quickly like alcohols, peroxides, and chlori-
nated products. Others, such as triclosan or benzalkonium chloride, leave
residues. The latter encourage the selection of resistant organisms. In 1992
there were 23 such products on the market; in 1999, The New York Times
estimated 700 of these items marketed for households. The public is amass-
ing these antibacterials in their homes in a variety of products. Why? To
some extent it is in response to fear of the “super bug,” the multi-drug-
resistant bacterium. The other pressure is to protect the family against
infectious organisms caused by food. “I want to do what is best for my
child,” is commonly expressed. While these reasons cannot be criticized,
the public needs to be informed that the same protection is provided by
using standard soap and disinfectants.

The antibacterial craze demonstrates a couple of problems. For one, it
defies the message that washing with soap and water is sufficient to provide
hygiene to healthy individuals. Today’s public believes one has to add an
antibacterial chemical to gain a health benefit from washing. This opinion
does not help our cause against antibiotic misuse and the emergence of
resistance.

Secondly, bacteria emerging with resistance to these chemicals can show
decreased susceptibility to antibiotics. A Japanese group reported a few
years ago that MRSA selected in the laboratory for half the susceptibility to
a biocide, benzalkonium chloride, showed a dramatic increase in resistance
to a wide spectrum of β-lactam antibiotics (Akimitsu et al., 1999). Suscep-
tibility to other antibiotics was either unchanged or changed minimally.
This phenotype, that is, predominantly β-lactam resistance, is strikingly
similar to the community-acquired MRSA strains. Is it possible that disin-
fectants, not β-lactam antibiotics, selected these resistant bacteria?

S. aureus is one of the principal organisms targeted by triclosan in the
hospital. But decreased susceptibility to triclosan is emerging in MRSA
isolated from hospitals (Suller and Russell, 2000). This evolution will cur-
tail this important use, fail to protect from transmission of disease, and
create more resistance problems. A mutation in the target gene of triclosan
activity, fabI (enoyl reductase) affects other drugs besides triclosan
(McMurry et al., 1998). Given the multi-drug efflux pumps in E. coli and S.
aureus, overexpression of one of these pumps, like in E. coli and Pseudomo-
nas (Chuanchuen et al., 2001), could contribute to resistance mediated by a
fabI mutation. These pumps export antibiotics as well. So, one selects a
resistance mechanism affecting both antibacterials and antibiotics.

What does the future look like? What is happening today that provides
optimism for the future?

When we entered the 1990s, the only in-depth analysis of antibiotic use
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and resistance was a report from an NIH Fogarty International Center-
supported Task Force effort in 1983–1986 (Levy et al., 1987). Over 100
physicians, scientists, and public health and industry representatives from
all over the world discussed the imminent problems of resistance through
six task forces. Although the report urged that something be done about the
problem, the effort was disregarded and even downplayed under the guise
that the problem was being overstated. Some influential critics from indus-
try believed that such an activity cast wrongful doubts on the efficacy of
their antibiotic products. The report was not accepted as hoped—as a call
to action by physicians, consumers, and public health officials.

More recently in 1995, the U.S. Office of Technology Assessment
(OTA) released an assessment of the resistance problem in the United States
just before the Office was closed (OTA, 1995). It stated the obvious—
resistance was a mounting public health problem stemming from antibiotic
misuse. The report particularly was noteworthy because Congress was
showing interest at last. Since then, there have been reports from other
professional and government groups including the American Society for
Microbiology (ASM, 1995), the Society for Hospital Epidemiology of
America (Shlaes et al., 1997), the American College of Physicians-American
Society of Internal Medicine (ACP-ASIM, 2001), and the House of Lords
Select Committee on Science and Technology (1998). We have learned
something from these efforts, but up until now, they have had little impact
on the problem.

Somewhat greater success has been achieved by The Alliance for Pru-
dent Use of Antibiotics (APUA), founded in 1981, working in conjunction
with its 35 country chapters on research and education concerning antibi-
otic use and resistance. For 20 years, it has championed the improved use of
antibiotics globally. Recently, the organization synthesized the efforts of
various expert groups—25 reports over the past 15 years—as a background
and foundation for WHO’s Global Strategy for Containment of Antimicro-
bial Resistance (WHO, 2001). The APUA document was published along
with the WHO report in 2001 (APUA, 2001).

APUA has created materials to educate the consumer about antibiotics
and resistance. Its “antibiotic” brochure has been translated into several
languages and has been disseminated to almost a million people. The news-
letter, translated into Russian and Spanish, reaches thousands quarterly.
The CDC has also published a pamphlet for patients, which appeals to the
consumer to stop demanding and stockpiling antibiotics.

The most important thing that has happened in this past decade is the
wider awareness and response to the resistance problem. The WHO Gen-
eral Assembly selected resistance as one of the three major health problems
facing the world today. The ACP-ASIM has chosen antibiotic resistance as
its clinical theme for 2000–2002.
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Are we going to see a difference? I hope so, but forums like this one
have to define practical ways in which change can occur. We do not need
more reports; we need action.

The pharmaceutical companies left the antibiotic field in the mid-1980s,
came back to it in the mid-1990s, but appear to be leaving it again now.
Antibiotics are difficult and costly to develop. Sales may not reach the
minimum of $500 million to $1 billion per year to maintain the interest of
the large pharmaceutical companies. This is a sad situation, complicated by
the fact that many large companies have merged to form even larger ones.
Thus, the creativity and competition that occurred among companies be-
fore is greatly diminished as, for instance, three companies become one. It is
more likely now that new antibiotics will come from the smaller biopharma-
ceutical groups that make firm commitments to the discovery efforts. Big
pharmaceutical companies join when the drug is far enough along that the
risk is minimized.

Vaccination has made another big impact over the last decade. The
involvement of Haemophilus influenzae type B in otitis media and meningi-
tis has been curtailed with the use of the conjugate vaccine. We must
expand acceptance of vaccination with the pneumococcal conjugate. A
recent report looked at the effects of the vaccine coverage on invasive
disease and found the vaccine to be very effective (Black et al., 2001). While
less than 20 percent were fully vaccinated, a much larger percent of the
individuals had reduction in invasive disease indicating that there was a
“herd effect.” If we can get the vaccine to more communities, patients like
that little 11-month-old girl from Georgia can be protected. We would
greatly reduce pneumonia and prevent fatal meningitis. We also would
decrease the initial choice of an antibiotic for a suspected bacterial etiology
(e.g., pneumococcus) of upper respiratory disease like otitis media. Provid-
ing vaccines against both H. influenzae and S. pneumoniae would make a
viral cause of the illness more acceptable and antibiotics less prescribed.

Another initiative at APUA is the Global Advisory on Antibiotic Resis-
tance Data (GAARD), which includes the large surveillance systems of
Bristol-Myers Squibb (SENTRY), GlaxoSmithKline (ALEXANDER), Fo-
cus Technology, and, most recently, AstraZeneca (MYSTIC) and Bayer.
Large amounts of data on drug-bug combinations are collected which can
be helpful to public health officials. APUA was able to catalyze an agree-
ment between the companies funding these projects to meet periodically
and discuss and share the data. The project provides antibiotic susceptibil-
ity surveillance information on large numbers of clinical isolates and allows
early changes in susceptibility to be revealed, such as the decreased suscep-
tibility of Haemophilus influenzae to fluoroquinolones detected at 0.1 per-
cent (Travers et al., 2001).

Another project that has recently been completed, also by APUA, is an
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in-depth examination of the impact of animal use of antibiotics on human
public health and the environment (APUA, 2002). The FAAIR (Facts About
Antibiotics in Animals and the Impact on Resistance) project brings scien-
tific evidence to the policy debate regarding use of antibiotics for animals. A
unique feature of this report is its broader perspective. It looks at the
ecological impact of animal use, not just the direct animal-to-consumer
path of transmission. Antibiotics provided to animals for therapy, prophy-
laxis, or as growth promotion, select resistant organisms which can spread
to farm dwellers, as well as food consumers.

The important, but often lost, message is that antibiotics affect more
bacteria than the targeted pathogen. They will decimate entire microbial
communities that are exposed. Those that are resistant become reservoirs of
antibiotic resistance genes.

In fact, an antibiotic provided to humans, plants, or animals does not
stay with the treated individual nor is it always readily degraded. It eventu-
ally passes into the environment in some form at some level, which explains
the detection of drugs in municipal waters, streams, and agricultural fields
(Kolpin et al., 2002). We can now speak not only of antibiotic effects
during therapy, but effects “after therapy” (Levy, 2001, 2002a). Since resis-
tance does not often emerge in the person while on the antibiotic, I suggest
that much resistance occurs outside the treated person or animal. Perhaps it
would be considered unrealistic, but what an advantage there would be to
develop an antibiotic that does its treatment, but then self-destructs.

With this point in mind and focusing on the environment, APUA and
University of Illinois, funded by the National Institute of Allergy and Infec-
tious Diseases, began the Reservoirs of Antibiotic Resistance (ROAR)
project. The aim is to look for the genes of resistance harbored in natural
environments as they may evolve as future clinical treatment problems.

Can we reverse the resistance problem? It may take a long time for a
bacterium to lose a transposon or a mutation, but one way to reverse
resistance is to encourage the susceptible commensal organisms to return.
Such was the basis for reversal of macrolide resistance among Streptococ-
cus pyogenes in Finland when physicians stopped the use of erythromycin
(Seppala et al., 1997). It was not due to loss of resistance from a particular
S. pyogenes, but, rather, by replacement with other susceptible strains.

In addition to the various scientific challenges that must be met, we also
need to devise new public policies and procedures that will help minimize
the emergence of antimicrobial resistance. For example, I have been sug-
gesting for a number of years that the Food and Drug Administration
(FDA) create an entirely separate category for antibiotics, apart from other
drugs. Antibiotics are the only type of therapeutic agents that have societal
effects beyond their physiological effects, so it is logical for them to have
their own official category, complete with its own set of regulatory require-
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ments. The FDA would then be better positioned to devise unique incen-
tives that encourage the pharmaceutical industry to pursue the development
of new antibiotics, to market antibiotics prudently, and to conduct surveil-
lance efforts to see that any incipient antimicrobial resistance is contained.
As we use antibiotics in this decade, we should be thinking more ecologi-
cally. Let our treatments be directed at the causative agents and less de-
structive of the broad microbial environment.
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2

Microbe Resistance

OVERVIEW

Since the discovery and subsequent widespread use of antimicrobials, a
variety of pathogenic viruses, bacteria, protozoa, and helminths have devel-
oped numerous mechanisms that render them resistant to some—and, in
certain cases, to nearly all—antimicrobial agents. The focus of this session
of the workshop was on exploring some of the latest information emerging
about how various important pathogens develop resistance to drugs and
how such resistance might be overcome.

The bacterial strains staphylococci, enterococci, and pneumococci pose
some of the most serious problems in terms of antimicrobial resistance.
Scientists have now acquired detailed information about how these bacteria
develop drug resistance. In staphylococci, for example, optimization of
resistance depends on the operation of a complex pathway involving a
central resistance gene and a number of auxiliary genes. Thus, developing
drugs that specifically target any of these genes holds potential for reducing
the microbe’s drug resistance. A second novel intervention would target the
ecology of these types of bacteria. For example, penicillin-resistant strains
of pneumonia bacteria have been found to breed prolifically in the na-
sopharynx of preschool-age children, particularly those who attend day
care centers. Devising interventions to limit antimicrobial exposure might
help reduce the genetic propensity of these bacteria to develop drug resis-
tance.

Malaria and schistosomiasis are major health threats in the developing
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world. Chloroquine was historically the primary drug for treating malaria,
but its widespread use has led to increasing microbial resistance. Scientists
have now identified a particular type of mutation at a specific location on a
single gene as being critical in the development of resistance, and efforts are
now under way to develop new drugs that target this resistance mechanism.
Praziquantel is the only drug now available to treat schistosomiasis. Since
the drug has been in use for more than two decades, concerns are mounting
that the parasitic worms that transmit the disease from snails to humans are
beginning to become resistant. Among the immediate needs, praziquantel’s
effectiveness can be prolonged by more selective use, with treatment tar-
geted only to those people at greatest risk for heavy infection and morbid-
ity, as well as by the use of integrated disease management practices, such
as snail control, health education, and improved sanitation. At the same
time, new drug development needs to continue in anticipation of the even-
tual failure of praziquantel efficacy.

Influenza is a global threat to health. Vaccines represent the first line of
defense against the flu, with a new vaccine being developed and distributed
each year in response to the changing genetic composition of the causative
virus. Still, vaccines are not a total answer, and several classes of antiviral
drugs have been developed to treat infected individuals. Two antivirals—
amantadine and rimantadine—have been around since the 1960s. Although
effective in some circumstances, both types of drugs suffer from drug-
resistance problems. Another family of newer drugs, called neuraminidase
inhibitors, shows even more promise, as these formulations appear to pose
a reduced risk of triggering resistance. A major problem, however, is that
the pharmaceutical companies that produce these newer drugs are not mak-
ing enough doses to cover medical needs in the event—certain to happen at
some point—that a highly modified and virulent form of the influenza virus
emerges from the animal world and spreads among the human population
worldwide.

Adding to concerns about antimicrobial resistance is the possibility that
terrorists or a rogue nation might use “bioweapons” to expose large num-
bers of people to genetically engineered drug-resistant pathogens in order to
trigger large-scale disease outbreaks. This scenario was brought into sharp
perspective in autumn 2001 by the intentional distribution through the U.S.
mail of envelopes containing spores of Bacillus anthracis. One issue consid-
ered during this session involved the effects of exposure to both anthrax
and ionizing radiation at the same time, conditions that military personnel,
in particular, might someday face. Based on a recent study in mice, scien-
tists have been able to identify some fundamental factors that contribute to
increased susceptibility to bacterial infections in general, and to B. anthracis
in particular, after ionizing radiation, as well as to make some general
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recommendations about effective methods of therapy and prophylaxis fol-
lowing such combined exposures.

NEW STRATEGIES AGAINST MULTI-DRUG-RESISTANT
BACTERIAL PATHOGENS

Alexander Tomasz, Ph.D.

The Rockefeller University, New York, NY

A major impact of the “chemical warfare” that humanity has been
waging against the microbial world on an escalating scale since the discov-
ery of antibiotics is the emergence of a vast variety of resistance mecha-
nisms that have moved into virtually all pathogenic species—viruses, bacte-
ria, and protozoa alike. This emergence has occurred with a swiftness that,
on an evolutionary scale, is truly remarkable.

The rapid progression from a uniformly antibiotic-sensitive bacterium
to a uniformly antibiotic-resistant species is well demonstrated by the case
of Staphylococcus aureus, which is a primary agent of hospital-acquired
infections. In the early 1940s, when penicillin was introduced into therapy,
all strains of staphylococci were highly sensitive to this antibiotic. In less
than a decade, S. aureus acquired the penicillinase-based resistance mecha-
nism from an unknown “extra species” source. Penicillin resistance spread
across the entire species with the “plasmid epidemic,” and by the late 1950s
penicillin was useless against S. aureus.

The final stage of this remarkable and sweeping genetic change, pro-
pelled by the pressure of antibiotic use, is documented in a recent study
conducted in Portugal (Sá-Leão et al., 2001). Screening the S. aureus nasal
flora recovered from 1,000 young and healthy volunteers who had never
received antibiotics showed that 97 percent of the S. aureus colonizing these
individuals produced penicillinase and were resistant to penicillin (Sá-Leão
et al., 2001). Clearly, the extra-species drug-resistance gene penicillinase
has become a domesticated genetic component of S. aureus without causing
any survival deficit to the cells. The penicillin-resistant S. aureus, which was
originally associated only with patients in hospitals, has managed to move
into the community within 50 years of its appearance on the scene.

Equally fast was the response of S. aureus and other staphylococci to
the introduction in 1959 of semisynthetic β-lactam antibiotics, such as
methicillin. The first methicillin-resistant S. aureus (MRSA) was detected in
the United Kingdom in 1961 (Jevons, 1961). By the 1990s, MRSA had
become a globally spread pathogen, making the management of nosoco-
mial S. aureus infections complicated and expensive.

Essentially the same phenomena were observed in Streptococcus
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pneumoniae, one of the major community-acquired pathogens of our era.
S. pneumoniae are responsible for a series of potentially life-threatening
diseases that together cause an estimated 1 million to 3 million deaths
worldwide annually. The first penicillin-resistant pneumococci (PRSP) were
detected in 1965 (Hansman et al., 1974), followed by increasing numbers
of reports on the detection of resistant strains. By the mid-1990s, penicillin-
resistant strains had spread globally.

In both MRSA and PRSP, antibiotic resistance has unfolded in stages,
on a rapid time and geographic scale. Initial detection of MRSA and PRSP
was followed by reports on geographic spread. Next came reports on the
increase in resistance level and in the frequency of resistant isolates. Eventu-
ally, multi-drug-resistant strains carrying resistance traits to different classes
of antimicrobial agents also began to appear.

In 1993, a small group of international experts, including microbiolo-
gists, physicians, and public health personnel, gathered at Rockefeller Uni-
versity for a workshop to survey data on the accelerating spread of multi-
drug-resistant pathogens (Tomasz, 1994). By this time, the specter of
untreatable bacterial infections had appeared on the horizon as a clear
possibility. Strains of common community-acquired and nosocomial patho-
gens equipped with multi-drug-resistant traits had been identified, with
some clinical isolates retaining susceptibility to only a single antimicrobial
agent.

The workshop participants identified a number of specific genetic events
which, if they occurred, could precipitate a genuine public health crisis.
Examples of such events include the acquisition of high-level vancomycin
resistance among MRSA or pneumococci, and the acquisition of β-lactamase
plasmid by group A streptococci. The alarm sounded at the workshop was
recently echoed by the World Health Organization (WHO): “Increasingly
drug-resistant infections in rich and developing nations alike are threaten-
ing to make once treatable diseases incurable (WHO, 2000). Tables 2-1 and
2-2 illustrate the multi-drug resistance phenomenon: the strikingly success-
ful adaptation of two major human pathogens—S. aureus and S.
pneumoniae—to a planetary environment that became saturated with highly
toxic substances due to the immense quantities of antimicrobial agents
deployed in human and veterinary medicine, in agribusiness, and in virtu-
ally the entire biosphere.

What can one do in this situation? Clearly the backlash of multi-drug
resistance has caught the pharmaceutical chemists and infectious diseases
specialists by surprise. In retrospect, it seems that the antibiotic era had two
interrelated “cardinal sins.” One sin was the neglect and sometimes com-
plete abandonment of preventive measures in favor of a single-minded
antibiotic strategy against bacterial infections. The second was the failure
to seriously consider consequences of the fact that the overwhelming major-
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ity of both the most effective antibiotics and resistance mechanisms are
actually products of the microbial world. Antibiotics are produced in tiny
quantities and on a microscopic scale by some microbes—presumably for
the control of the “quorum” of their habitat—and the producer microbes
also invented self-protective resistance mechanisms against their own prod-
ucts. The reintroduction of these highly toxic agents into the biosphere in
enormous quantities was a major violation of this quorum sensing. It has
amplified local wars among microbes to a global conflict between human
and microbe, a chemical warfare in which both offensive and defensive
(resistance) armaments came from the microbial world (Tomasz, 2000).

The current genomic revolution may offer clues for the production of
new antimicrobial agents that would not have been invented by the micro-
bial world during evolution. Development and introduction of such novel
agents would be a welcome development indeed. However, it would be
naïve to think that the microbial world already “awakened” by the antimi-
crobial armaments race would simply submit to such new onslaughts.
Antibiotic-resistance mechanisms have emerged rapidly in the past, even
against completely synthetic agents, such as trimethoprim and fluoro-

TABLE 2-1 Development of Multi-Drug Resistance by S. aureus and S.
epidermidis (S: susceptible, R: resistant)

MRSA
Brazilian Methicillin-resistant

S. aureus epidemic S. epidermidis
ATCC 6538 clone New York Hospital
(1930) (1994) (1996)

Amikacin S R R
Amp/Sulbactam - R R
Ampicillin S R R
Cephalothin S R R
Cefotaxime S - -
Chloramphenicol S R R
Ciprofloxacin S R R
Clindamycin S R R
Erythromycin S R R
Gentamicin S R R
Imipenem S R R
Oxacillin S R R
Rifampin S R R
Vancomycin S S S
Teicoplanin S S -
Tetracycline S R R
Trimeth/Sulfa S R -
Mupirocine (topical) S R R
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quinolones. Thus, a possible deployment of new antimicrobial agents would
not solve the basic dilemma of the antimicrobial armaments race that origi-
nates from its erroneous core philosophy: namely, the indiscriminate killing
of bacteria by wide-spectrum antimicrobial agents. The fallacies of this
philosophy have been pointed out repeatedly (Tomasz, 2000).

There are a number of antimicrobial strategies, not yet exploited, that
would be more discriminatory and therefore less likely to provoke another
wave of drug resistance. The pharmaceutical industry’s traditional approach
to drug development has been either to find new wide-spectrum drugs
against bacterial targets or to reconfigure old drugs against targets that
became inaccessible due to drug resistance. Examples of these two strate-
gies would be the development of new classes of fluoroquinolones and the
semisynthetic modification of β lactams to accommodate the penicillinase-
based resistance mechanism.

However, there are at least two completely different strategies that
offer promise. The first strategy would target the resistance phenotype; the
second would target the ecology of resistant bacteria.

Recent studies have shown that in both MRSA and PRSP, high-level

TABLE 2-2  Development of Multi-Drug Resistance by S. pneumoniae
and Enterococcus faecium (S: susceptible, R: resistant)

Enterococcus
faecium (VRE)

S. pneumoniae 6B (Tn5482)
S. pneumoniae Dallas, Texas Memorial Hospital
D39 (1949) (1992) (1996)

Amikacin S - R
Amp/Sulbactam S R R
Ampicillin S R R
Cephalothin S - R
Cefotaxime S R -
Chloramphenicol S R S
Ciprofloxacin S R R
Clindamycin S R R
Erythromycin S R R
Gentamicin S - R
Imipenem S S R
Oxacillin S R R
Rifampin S - R
Vancomycin S S R
Teicoplanin S S R
Tetracycline S R S
Trimeth/Sulfa S R R
Mupirocine (topical) S - -
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antibiotic resistance requires more than the presence of the central drug-
resistance determinant (the mecA gene in the case of MRSA, and the mosaic
PBP genes that encode low affinity binding proteins in PRSP). Expression of
an optimal high-level antibiotic-resistant phenotype also requires the assis-
tance of a number of additional genetic determinants, the functioning of
which is critical for the generation of antibiotic resistance, although the
protein products of these genes do not react with the antimicrobial agent.
Transposon mutagenesis of a highly methicillin-resistant MRSA strain has
identified over 20 such “auxiliary genes” (De Lencastre et al., 1999). Inac-
tivation of these genes had no effect on the transcription of the resistance
gene mecA to its gene product (the low affinity penicillin binding protein
PBP2A), yet phenotypic resistance of the bacteria was drastically reduced.
Recent observations in PRSP identified a similar phenomenon. Inactivation
of the small pneumococcal operon murMN, responsible for the production
of branched structured components in the bacterial cell wall, caused a
complete collapse of the penicillin resistant phenotype in spite of the fact
that the primary resistance determinants (the low affinity PBPs) remained
unchanged in the mutant bacteria (Filipe and Tomasz, 2000).

These observations indicate that reversal of drug resistance is possible
by two completely different ways:  either by inactivation of the central
genetic determinant and its gene product, or by inactivation of the products
of auxiliary genes (see Figure 2-1). It follows that auxiliary genes represent
novel types of antibacterial targets. Compounds capable of inactivating the
products of these genes should represent synergistic agents that together
with β-lactam antibiotics would render resistant bacteria sensitive again to
these classical antimicrobial agents.

Resistance gene + auxiliary gene = resistance expressed

Resistance gene + auxiliary gene = resistance inhibited

Resistance gene + auxiliary gene = resistance inhibited

FIGURE 2-1 Two ways to reverse drug resistance.
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A major roadblock to development of such agents, however, is that this
approach seems to collide head-on with the central philosophy of the phar-
maceutical industry, which is only willing to invest in the development of
wide-spectrum antimicrobial agents that can assure a market in the range of
$1 billion a year. Clearly, the types of agents described here would be
specific for the particular bacterial pathogen and therefore would be out-
side such marketing interest. While the position of “big pharma” on this
issue is based on complex economic realities, I believe that the future points
in a different direction: the development of highly specific narrow-spectrum
agents, the deployment of which would not challenge the entire microbial
world each time they are used in therapy. Such development will be has-
tened by current progress in devising highly sensitive molecular techniques
for rapidly detecting and identifying bacterial pathogens—a capability that
may lie in the not too distant future. With rapid and safe diagnostics at
hand, the use of wide-spectrum antimicrobial agents should be reserved to
special cases only because of their indiscriminate challenge to both harmful
and harmless bacteria.

A second novel intervention with bacterial pathogens, particularly drug-
resistant strains, would target the ecology of these bacteria. Recent observa-
tions indicate that the overwhelming majority of diseases caused by resis-
tant strains of S. aureus are linked to a surprisingly few epidemic clones or
genetic lineages that have immense geographic spread (Oliveira et al., 2002)
and that appear to combine in their genetic backgrounds not only determi-
nants of antibiotic resistance but also genes that assure ecological success
(i.e., spread and colonization) of the bacteria (see Figure 2-2). Similar ob-
servations also have been made for penicillin-resistant S. pneumoniae (Sá-
Leão et al., 2000). Clearly, identification of determinants of epidemicity
may provide completely new targets—vaccines or chemical agents—against
specific multi-drug-resistant clones that are responsible for most of the
hardships of resistant disease.

Following up on this ecological reasoning raises questions related to the
ecological reservoirs of bacterial pathogens, particularly the drug-resistant
clones. It has been clearly shown that in the case of PRSP a major sanctuary
and breeding ground of drug-resistant strains is the nasopharynx of pre-
school-age children, particularly those who attend day care centers. All
children have immature immune systems. When this natural condition is
combined with the close contact among children that is characteristic of
day care centers, the high frequency of viral respiratory diseases in such
centers, and the use (and misuse) of immense quantities of antimicrobial
agents, the result is the creation of a bona fide “factory” of resistant pneu-
mococci (Sá-Leão et al., 2000). Similar studies could not identify a compa-
rable reservoir of MRSA among healthy carriers (Sá-Leão et al., 2001).
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FIGURE 2-2 Geographic spread of pandemic MRSA clones.

Rather, it seems that for resistant staphylococci the ecological reservoir is
the hospital itself.

A novel and potentially effective intervention to reduce the spread of
resistant forms of these two important pathogens would involve interven-
tion at the level of their ecological reservoirs—namely, lowering the car-
riage rate of resistant bacteria. The European Community has recently
initiated such a major project (EURIS, European Resistance Intervention
Study), which is aimed at identifying the most effective intervention strate-
gies by which carriage of resistant pneumococci could be reduced among
children attending day care centers in member countries (Sá-Leão et al.,
2000). An analogous attempt for MRSA would zero in on the hospital itself
by introducing rigorous infection-control measures, such as those that have
been successfully tested and advocated by several recent studies (Farr and
Jarvis, 2002; Pittet, 2002).

MALARIA AND THE PROBLEM OF CHLOROQUINE RESISTANCE

Thomas E. Wellems, M.D., Ph.D.

Laboratory of Malaria and Vector Research
National Institute of Allergy and Infectious Diseases

 National Institutes of Health, Bethesda, MD

The discovery of chloroquine nearly 70 years ago had a considerable
impact against the morbidity and mortality of malaria. This impact had
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such effect that chloroquine became recognized as one of the most success-
ful and important drugs ever deployed against an infectious disease. Mas-
sive use of the drug, however, eventually produced resistant malaria strains
(Peters, 1989). First reports of chloroquine resistance were with Plasmo-
dium falciparum, the species responsible for the most acute and deadly
form of human malaria (Payne, 1987). By the 1970s, resistant P. falciparum
strains were established in South America, India, Southeast Asia, and Papua
New Guinea. Africa was spared until the late 1970s, when resistance was
detected in Kenya and Tanzania, seeding the spread of resistance across the
continent within a decade (Peters, 1987). In the absence of a replacement
drug with the low cost and reliability of chloroquine, the morbidity and
mortality from malaria resurged in Africa (Greenberg et al., 1989; Trape et
al., 1998).

Molecular Basis of Chloroquine Action and Resistance

Chloroquine interrupts hematin detoxification in malaria parasites as
they grow within their host red blood cells (Chou et al., 1980) (see Figure 2-3).

FIGURE 2-3 The pathway of hemoglobin digestion and hematin polymerization
in a P. falciparum-infected red blood cell. Chloroquine accumulates in the acid
digestive food vacuole of sensitive parasites and interferes with polymerization.
Chloroquine-resistant parasites reduce this accumulation and thereby reduce drug
toxicity.
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Hematin, a toxic ferriprotoporphyrin product released from digested host
hemoglobin, is normally detoxified in the parasite’s acid food vacuole by
polymerization into innocuous pigment crystals (Dorn et al., 1998). Chlo-
roquine interferes with polymerization and poisons the parasite by
complexing with hematin and adsorbing to the growing faces of the crystals
(Sullivan et al., 1996; Pagola et al., 2000).

Chloroquine-resistant P. falciparum survives drug exposure by reduc-
ing the accumulation of chloroquine in the digestive food vacuole (Verdier
et al., 1985). The mechanism of this reduction, not yet established, may
involve changes in digestive vacuole pH or a direct effect on drug flux
across the digestive vacuole membrane.

Chloroquine resistance results from multiple mutations in PfCRT, a
P. falciparum protein located at the parasite’s digestive vacuole membrane
(Fidock et al., 2000). PfCRT contains 10 predicted transmembrane seg-
ments and has a structure consistent with a transporter or channel (Nomura
et al., 2001) (see Figure 2-4). Although the exact patterns of PfCRT muta-
tions differ according to the geographic origin of chloroquine-resistant para-
sites, all of these patterns include a key substitution for lysine at position

FIGURE 2-4 Schematic representation of PfCRT and positions of mutations associ-
ated with chloroquine resistance. The critical K76T mutation occurs in the first of
the ten predicted transmembrane domains. Filled circles show the positions of all
other PfCRT mutations that have been identified in different chloroquine-resistant
isolates. These mutations may compensate for the K76T change or help maintain
critical functional properties of the PfCRT molecule in resistant parasites.
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76. This substitution is universally K76T in naturally resistant
P. falciparum. In drug pressure experiments, chloroquine-resistant para-
sites have been selected that carry alternative K76I and K76N substitutions
in PfCRT, but such changes have not been detected outside the laboratory
(Cooper et al., 2002). These results suggest that loss of lysine’s positive
charge at PfCRT position 76 is a central feature of the chloroquine resis-
tance mechanism.

The fact that K76T is always found in the context of additional PfCRT
mutations suggests that this key substitution requires accommodative or
compensatory adjustments elsewhere in the protein. Different patterns of
mutations can evidently serve in these adjustments, as characteristic PfCRT
types occur in the Eastern and Western hemispheres (Fidock et al., 2000;
Carlton et al., 2001; Wellems and Plowe, 2001). At least four independent
foci of chloroquine resistance have been deduced from these PfCRT types:
two in South America; one in Southeast Asia that eventually spread to
Africa; and one in or near Papua New Guinea with the same substitutions
as a South American form. Drug pressure has driven population sweeps of
chloroquine-resistant P. falciparum from these foci into nearly all malaria
regions (Wootton et al., 2002) (see Figure 2-5). An exception in these
sweeps is Central America, where P. falciparum populations are still sensi-
tive to chloroquine and may be isolated by a genetic or transmission restric-
tion against the entry of resistant strains.

FIGURE 2-5 Map of the spread of chloroquine-resistant Plasmodium falciparum
from four foci identified by PfCRT alleles and polymorphic markers.

s s
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Role of PfCRT Mutations and Malaria Immunity
in Chloroquine Treatment Outcomes

Epidemiological investigations have confirmed the association of chlo-
roquine treatment failures with the PfCRT K76T mutation. In a study in
Mali, this mutation and other possible markers of resistance were evaluated
against chloroquine treatment outcomes in cases of uncomplicated malaria
(Djimdé et al., 2001).The PfCRT K76T mutation was found in 100 percent
of the chloroquine treatment failures, compared to a baseline prevalence of
41 percent K76T in patients before treatment. However, not all infections
with chloroquine-resistant parasites persisted or recurred after chloroquine
treatment: 27 percent of patients with these infections showed clinical reso-
lution of symptoms and parasitological clearance. These clearances after
drug treatment correlated with age, consistent with an important influence
of immunity that develops in children over time from repeated malaria
episodes (Djimdé et al., 2001; Wellems and Plowe, 2001).

The association between mutant PfCRT and chloroquine treatment
outcomes has also been evaluated in the Cameroon (Basco and Ringwald,
2001), Sudan (Babiker et al., 2001), Mozambique (Mayor et al., 2001), and
Papua Indonesia (Maguire et al., 2001), where chloroquine-sensitive and
-resistant P. falciparum strains both remain common; and in Brazil (Vieira
et al., 2001), Uganda (Dorsey et al., 2001a), Laos (Pillai et al., 2001),
Thailand, and Papua New Guinea (Chen et al., 2001), where chloroquine-
resistant parasites now predominate. Results from these studies support a
universal association of the PfCRT K76T mutation with chloroquine treat-
ment failures and show that additional factors including immunity can
affect the outcome resistant infections after treatment.

The importance of immunity in treatment outcome has recently been
demonstrated in a rodent model of drug-resistant malaria. Results with this
model showed that rodents with partial immunity from previous infections
benefited from drug treatment and cleared resistant Plasmodium yoelii
parasites (Cravo et al., 2001).

Other Factors That May Affect Rates of Chloroquine Treatment Failure

The uptake, distribution, and metabolism of chloroquine can have a
significant effect on treatment outcomes. Concentrations of chloroquine
and its principal monodesethylchloroquine (mono-DEC) metabolite are re-
ported to exhibit inter-individual variations that can influence classifica-
tions of resistance in vivo (Hellgren et al., 1989).

Chloroquine resistance lines that have been adapted to in vitro culture
conditions frequently show differences in laboratory measures of chloro-
quine response (as measured by IC50 values). The question is often raised
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whether these in vitro variations might be associated with additional
P. falciparum determinants that can modulate the effect of PfCRT muta-
tions and increase treatment failure rates. The Pgh-1 P-glycoprotein en-
coded by the pfmdr1 gene is a possible example of such a determinant
(Cowman et al., 1991). Certain substitutions in Pgh-1 can affect the chloro-
quine IC50s of parasites resistant (but not sensitive) to chloroquine and are
associated with in vitro mefloquine and quinine responses (Reed et al.,
2000). Pgh-1 N86Y is a widespread polymorphism in Asia and Africa that
has been associated with chloroquine-resistant strains in some studies but
not in others (Dorsey et al., 2001b). In Mali, a 50 percent prevalence of
Pgh-1 N86Y in patients before treatment rose to 86 percent (17 percent
mixed type) in cases of chloroquine failure (Djimdé et al., 2001). However,
multivariate analyses of PfCRT K76T and Pgh-1 N86Y showed no inde-
pendent effect of Pgh-1 N86Y on treatment failure rates and no strengthen-
ing of the association of PfCRT K76T with these failure rates. These results
indicate that the Pgh-1 N86Y polymorphism does not have an important
effect in chloroquine treatment failure but may relate to fitness adaptations
in response to physiological changes from PfCRT mutations.

Whether clinical chloroquine resistance might be affected by other
Pgh-1 polymorphisms or modulatory determinants elsewhere in the
P. falciparum genome will require additional epidemiological studies of
candidate mutations and case treatment outcomes. Such studies will also
help clarify uncertainties about the relative importance of the different
factors that modulate in vitro drug responses in the laboratory and factors
that affect treatment failure rates in vivo.

Points of Observation and Recommendation

• Tests that rapidly detect the PfCRT K76T molecular marker have
several advantages and applications in the surveillance of chloroquine-resis-
tant P. falciparum. By making use of PCR-amplified DNA from small
blood spots on filter paper, tests that are now available significantly reduce
the time, labor, cost, and operative limitations of in vivo or in vitro assays
with live parasites. Molecular marker data from large numbers of blood
samples can therefore be efficiently collected and used in treatment policy
decisions where the prevalence of resistant strains is unknown or changing.
Fresh malaria outbreaks or drug-resistant epidemics are important situa-
tions that can benefit from such data. PfCRT K76T surveillance may also
be useful in regions where chloroquine use has been stopped because of
problems with resistance. Such surveillance may detect declining rates of
chloroquine resistance, perhaps allowing the reconsideration of chloro-
quine in combination with other antimalarial drugs.

• The importance of the interface between drug action and immunity
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is highlighted by the relief from chloroquine-resistant malaria that immune
individuals can often experience after treatment. Chloroquine is therefore
still commonly used as a first-choice drug by malaria-experienced individu-
als in regions of drug resistance, especially where supplies of alternative
drugs are expensive and must be targeted to young children and
malaria-naive patients who lack protective immunity. An interesting ques-
tion is whether vaccines will be able to improve therapeutic responses
against malaria. Better understanding of the interface between drug action
and immunity will help address this possibility.

• New drugs that act on hematin but are not subject to the chloro-
quine resistance mechanism should be of great benefit. Indeed, certain
4-aminoquinoline compounds with side chain variations, such as short- and
long-chain analogs of chloroquine (De et al., 1996; Ridley et al., 1996)
and amodiaquine derivatives (Hawley et al., 1996), are known to be effec-
tive against chloroquine-resistant parasites. This may be because the chlo-
roquine resistance mechanism is sensitive to the side chain structure of
chloroquine while the inhibition of hematin polymerization depends largely
on π-π recognition between the 7-chloro-substituted quinoline ring and
hematin µ-oxodimers (Vippagunta et al., 1999). Hematin remains attrac-
tive as a target because it is a molecule the parasite cannot mutate. The
search for new compounds with desirable pharmacokinetic profiles, low
toxicity, and low production costs will be helped by improved understand-
ing of the resistance mechanism at the molecular level.

• Chemosensitizing agents that can be co-administered with chloro-
quine may have promise against chloroquine-resistant P. falciparum. Sev-
eral studies have shown that resistance can be partially reversed by a range
of structurally diverse agents that include calcium antagonists such as
verapamil, various tricyclic compounds, and some plant alkaloids (Martin
et al., 1987; Rasoanaivo et al., 1996). One of these compounds, chlor-
pheniramine, has been combined with chloroquine and tested in a study of
African children (Sowunmi et al., 1997). The combination was suggested to
have some benefit against chloroquine-resistant infections but requires fur-
ther study. Better understanding of the mechanism by which chloroquine-
chemosensitizing agents act may provide new leads for drug development.

• Plasmodium vivax causes a debilitating form of malaria less fatal
than P. falciparum but nevertheless still responsible for tremendous impact
on the economy and life in afflicted regions. Despite comparable exposure
of P. vivax and P. falciparum to chloroquine pressure, no P. vivax strain
was reported to be chloroquine-resistant until 1989 (Rieckmann et al.,
1989). Resistant P. vivax is present today in several regions of Southeast
Asia (Baird et al., 1997), and some evidence suggests that it also occurs in
South America (Whitby, 1997). Although chloroquine is thought to have
the same action on hematin in P. vivax and P. falciparum, chloroquine
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resistance in these two major agents of malaria differs in that the homolog
of the PfCRT transporter in P. vivax does not have reading-frame muta-
tions associated with chloroquine treatment failures (Nomura et al., 2001).
Investigations of P. vivax determinants responsible for resistance are pres-
ently limited by the lack of a practical in vitro culture system and genetic
crosses for linkage mapping. These tools of investigation are needed. Ad-
vances against chloroquine-resistant malaria, including diagnostics and ana-
logs of chloroquine against the different forms of P. vivax and P. falciparum,
will benefit from basic research in this direction.

DRUG RESISTANCE IN TREATMENT OF SCHISTOSOMIASIS

Charles H. King, M.D., M.S.

Case Western Reserve University School of Medicine and
University Hospitals of Cleveland, Cleveland, OH

The Worm Challenge

The helminthic parasites, commonly referred to as “worms,” are among
the most common of human infections. Worldwide, over 1 billion people
are infected with Ascaris roundworms, 1.2 billion carry hookworm, and an
estimated 200 million people are infected with blood flukes of Schistosoma
spp. (WHO, 1993; Chan, 1997). Although worm infections are rarely le-
thal, they produce a significant spectrum of disease and disability, ranging
from moderate exercise intolerance up to severe anemia and organ damage,
with the resulting loss of millions of productive life-years globally (de Silva
et al., 1997). Poor sanitation favors the simultaneous transmission of many
parasites, and it is common for one person to harbor infection with mul-
tiple worms of many different helminth species. What is more, even after
successful treatment, symptomatic, high-level worm infection may return in
as few as three to six months after cure.

The 1970s and 1980s saw the development of a number of safe and
effective oral anthelmintics including mebendazole, albendazole, ivermectin,
and praziquantel. Together, these broad-spectrum agents proved capable of
giving effective treatment for almost any human helminth infection. The
economics of treating human worms were not favorable, however. The
limited resources of the developing countries, where worms are endemic,
coupled with the significant overhead required to provide repeated drug
therapy, severely limited the fundamental demand for these drugs. Although
wide-scale, population-based programs were recommended by the WHO as
the best means of controlling helminth-related diseases, in practice, many
health ministries chose to focus on other priorities.
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With the initially limited use of anthelmintics, serious drug resistance
was not observed and was not thought to be a problem. An unfortunate
consequence of the drugs’ initial success, combined with their limited use,
was the disinclination of pharmaceutical researchers to pursue additional,
new classes of anthelmintic drugs for human use. Both antiparasitic drug
use and the roster of available anthelmintic drugs remained stable until the
1990s, when national and international programs began to provide wide-
spread treatment for onchocerciasis and lymphatic filariasis. Newer pro-
grams, now being implemented, aim to provide widespread “deworming”
of children at risk (Partnership for Child Development, 1997). These, too,
will greatly expand the human use of anthelmintic drugs, raising the con-
cern that resistance to anthelmintics will soon be with us.

Common Threads of Drug Resistance in Helminths and Bacteria

In a sense, anti-parasite drug treatment poses many of the same chal-
lenges found in treating multiply-resistant bacterial infections:

1. A single, often expensive agent is used for almost all therapy;
2. Older, alternative drugs are being dropped from production;
3. With limited market potential, new drug development is not per-

ceived as a priority;
4. Pathogen isolates with intermediate-level drug resistance are begin-

ning to be found in heavily treated areas.

As a result, clinically significant resistance to our best anthelmintics is
expected to occur in the near future (Brindley, 1994).

Unique Features of Drug Resistance in Helminths:
The Schistosomiasis Experience

How does the problem of drug resistance differ for helminthic infec-
tions? In practical terms, anthelmintic resistance is difficult to detect, be-
cause we have no easy means of performing in vitro culture and sensitivity
testing for worms. Early, low-level resistance will be difficult to detect, after
which the typically rapid shift from 10 percent to 90 percent resistance will
come as a surprise to many practitioners.

In parasitic infections such as schistosomiasis, treatment does not have
to be fully curative to control disease—the antischistosomal drug prazi-
quantel is accepted as “highly effective” even though it is never 100 percent
effective in eliminating infection (King and Mahmoud, 1989). Its therapeu-
tic effect is obtained because, in schistosomiasis, unlike bacterial, viral, or
even malarial infection, the pathogen does not reproduce within the human
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body (King, 2001). With substantial suppression of infection, the net result
is effective prevention of disease (Warren, 1982).

Complicating the search for praziquantel resistance, the clinical effi-
cacy of praziquantel therapy varies spontaneously from person to person.
Host immune responses are essential to the anti-schistosomal effect of the
drug, and their effectiveness appears to vary from strain to strain and from
person to person. Further, not all stages of the schistosome parasite
are drug-sensitive (Cioli, 1998)—if a person is infected with both the
praziquantel-sensitive adult worm stages and with praziquantel-insensitive
immature worms (schistosomula), examination three months after treat-
ment may show a “persistently” positive egg count, suggesting drug failure.
In fact, the eggs detected at three months post-treatment are likely to be due
to the maturation and mating of these initially insensitive immature forms,
which are now grown to adulthood and are fully susceptible to praziquantel
retreatment (Gryseels et al., 2001).

In contemplating the phenomenon of bacterial drug resistance, the func-
tional ecosystem for the emerging resistant strain is the individual human
body. Although there is potential for spread to other humans, the foremost
factor in the survival of a resistant bacterium is its success within the treated
human host. By contrast, schistosomes divide their life cycle between free-
living forms (miracidia, cercariae), a form parasitic for snails (sporocysts),
and the forms parasitic for humans (schistosomula larvae and adult schisto-
somes) (Sturrock, 2001). The transmission of schistosomiasis is integrally
linked both to environmental factors and to human susceptibility factors
(King, 2001). For schistosomes, reproductive success depends on many
more external environmental factors, and the emergence or persistence of
resistant strains requires relative success in all aspects of its life cycle.

There is an uneven distribution of worm burden across infected human
populations (King et al., 2000). Even in a highly endemic area, most people
harbor light infections, while a small minority (5–10 percent) harbor very
heavy worm burdens. For schistosomes, reproduction requires obligate
sexual mating. The clustering of parasite distribution means that worm
mating tends to be nonrandom. This phenomenon, combined with a long
generation time (6–12 months), undoubtedly results in the slowing of the
spread of resistance traits in schistosomiasis.

Experience with Drug Resistance in Schistosomiasis

Hycanthone

In the 1970s and early 1980s, the drug hycanthone was used as popu-
lation-based treatment for Schistosoma mansoni. Lab studies in animals
indicated 10–20 percent of worms survived therapy, and it was found that
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the progeny of these survivors were resistant to hycanthone (Cioli and Pica
Mattoccia, 1984). Further study indicated that the resistance trait was
heritable, autosomal recessive, inducible by drug exposure, and not intrin-
sic (Brindley, 1994). Hycanthone was ultimately withdrawn for safety rea-
sons before resistance became a clinically significant issue, but concern
remained over the relative ease with which resistance occurred.

Concern About Praziquantel

Over the last several years, reports have begun to emerge of evident
praziquantel “failures” in treating schistosomiasis mansoni. Given the base-
line variability in praziquantel cure rates, as described above, there was
considerable debate about the implications of these reported failures. In a
new focus in Senegal, reports of very low cure rates (<40 percent) in large-
scale treatment of S. mansoni raised concerns about declining drug efficacy
(Cioli, 1998; Gryseels et al., 2001). Eventually, the apparently poor re-
sponse to praziquantel at this site was found to be due to ongoing heavy
reinfection, but the event elicited international concern and prompted the
European Community to found a concerted action network on “Patterns of
praziquantel usage and monitoring of possible resistance in Africa” to peri-
odically review the issue (Renganathan and Cioli, 1998).

Laboratory studies have identified tolerant and relatively resistant S.
mansoni strains from clinical isolates. Some S. mansoni strains taken from
Egyptian subjects who failed multiple courses of praziquantel therapy dem-
onstrated moderate- to high-level resistance to praziquantel therapy (Will-
iam et al., 2001). Of note, this resistance phenotype is sometimes lost in
later generations after serial passaging in mice. It was noted that tolerant
strains are less fecund, releasing fewer eggs per adult worm pair (Fallon et
al., 1997). Reports also indicate that at the life cycle stage of asexual
multiplication, which occurs in the intermediate snail host, tolerant strains
produce fewer of the cercarial forms that are infectious for humans (Will-
iam et al., 2001). Although these studies suggest that low-level praziquantel
resistance is already present in the field environment, they also indicate that
tolerant strains are less fit to compete with drug-sensitive schistosomes. To
date, such resistance is very uncommon, and does not affect the continuing
recommendation that praziquantel be used in mass treatment programs for
schistosomiasis (Bennett et al., 1997).

Is this tolerance universal? Review of our own long-term (eight-year)
experience in treating urinary schistosomiasis due to S. haematobium in
Kenya does not show a similar pattern (King et al., 2000). Although there is
year-to-year variation in cure rates, there have been no treated participants
who have failed to eliminate their infection after repeated praziquantel
therapy. Furthermore, children who became reinfected after the start of the
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treatment program had the same curative response to praziquantel as chil-
dren who were treated for the first time.

In order to address the reasons why resistance was not observed, we
turned to mathematical modeling of resistance transmission, using a dy-
namic model in which the features of parasite clustering and sexual repro-
duction could be incorporated. Our modeling analysis indicated that there
were several features of the parasite/drug treatment ecology that were likely
to explain the absence, so far, of any clinically apparent resistance. First,
there was incomplete exposure of the parasite population to the drug—our
school-based program left adult age groups untreated so that 25–50 percent
of worms went unexposed, creating a “refuge” for sensitive worm genes
(Van Wyk, 2001); second, emergence of clinically detectable resistance was
estimated to require 7 to 10 generations, and, given the 6- to 12-month
generation time for S. haematobium, there was probably not sufficient time
for this to occur; third, if the resistance trait is recessive or polygenic, sexual
reproduction was predicted to slow its emergence by several generations;
and fourth, crowding effects on fecundity in heavily infected humans was
likely to delay the transmission of resistance genes as well. Most important,
reduced reproductive fitness of the resistant strains was seen to substan-
tially delay the arrival of clinically significant levels of drug resistance (King
et al., 2000).

Conclusions Based on Field Experience and Modeling Analysis

Praziquantel resistance is not yet a clinical reality, but it is expected to
emerge within the next 10 years (King et al., 2000). Resistance becomes
more likely as drug usage becomes more widespread (Bennett et al., 1997;
Van Wyk, 2001). Praziquantel’s pivotal role in schistosomiasis therapy
means that we must find means to extend its useful life span. In addition,
drugs must be developed to replace praziquantel when praziquantel resis-
tance begins to dominate at the clinical level (Doenhoff et al., 2000).

For now, praziquantel’s effectiveness can be prolonged by more selec-
tive use, with treatment targeted only to those patients at greatest risk for
heavy infection and morbidity. Resistance can also be delayed by the use of
integrated disease management techniques, including snail control, water
development, health education, sanitation, alternative drug use, and, possi-
bly, by the development of effective vaccination strategies.

Immediate Needs

Loss of praziquantel effectiveness could become an operational catas-
trophe for schistosomiasis control programs. For now, there are several
immediate needs that must be addressed. The new wave of inexpensive
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generic formulations needs to be monitored for potency and for quality, so
that subtherapeutic praziquantel dosing does not become the norm
(Doenhoff et al., 2000). Operational research programs should be imple-
mented, employing effective sampling techniques for field monitoring in
order to detect and quickly report treatment failures. Desktop decision
tools are needed to optimize the impact of treatment programs, and backup
plans are needed for production of the WHO-designated “essential drugs,”
oxamniquine and metrifonate, when praziquantel effectiveness declines sig-
nificantly. Finally, new drug development needs to continue in anticipation
of the eventual failure of praziquantel efficacy.

In summary, it is now essential that, as national and international
control programs become a reality, the value of praziquantel is not prema-
turely lost. Prudent use will extend the usefulness of this very safe and
effective drug. However, such measures will only delay and not prevent the
eventual emergence of drug resistance. It is imperative that public health
planners and health providers anticipate the emergence of praziquantel
resistance, and the final need for alternative agents.

BACTERIAL INFECTION IN IRRADIATED MICE:
THERAPY AND PROPHYLAXIS

(ANTHRAX, A SPECIAL CONSIDERATION)1

Thomas B. Elliott, Ph.D.2

Armed Forces Radiobiology Research Institute, Bethesda, MD

Military personnel will be exposed to common infectious agents and
may be exposed to biological weapons and ionizing radiation. Ionizing
radiation depresses hemopoiesis in bone marrow and compromises innate
and acquired immune responses. Neutropenia and thrombocytopenia con-
tribute to the reduced innate responses. Consequently, concurrent infection
and sublethal irradiation are synergistic (Elliott et al., 1990).

The number of leukocytes and thrombocytes in blood of mice given 6.5
Gy 60Co gamma photons is shown versus time in days after irradiation in
Figure 2-6 (Elliott et al., 1990). The leukocytes decline rapidly to almost

1For additional data and analysis on the findings of this research, see Brook et al., 2001a.
2Studies of this nature are complex and require the cooperation of many persons. Con-

tributors to studies of post-irradiation infections during the past several years include: GD
Ledney, I Brook, GS Madonna, RA Harding, WE Jackson, III, GB Knudson, MO Shoemaker,
SS Bouhaouala, RE Ruiz, J Deen, CE Inal, S Leppla, J Rogers, SJ Peacock, YA Golubeva, BT
Gnade, JH Thakar, AFRRI 60Co Radiation Staff, Veterinary Staff, and Graphics Staff.
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undetectable concentration by Day 3. They remain low for almost two
weeks, when they begin a gradual recovery. The thrombocytes remain stable
for approximately 5 days, and then decline to a low concentration between
8–10 days and then begin to recover.

The gastrointestinal mucous layer is reduced within 3 days in gamma-
photon-irradiated mice. The resident enteric microflora change and, thereby,
resistance to colonization with exogenous bacteria is reduced. As shown in
Figure 2-7, the indigenous microflora decline from 1010–12 CFU/g to 104–6

CFU/g within 4 days (Brook et al., 1988). Whereas the anaerobic bacteria
(primarily Bacteroides species) remain low for over two weeks following
irradiation, facultative bacteria, primarily the Enterobacteriaceae, in the
ileum recover to 109 CFU/g by Day 12. Bacteria translocate from intestines
5–8 days after lethal doses of gamma radiation.

We developed animal models of infection following irradiation to evalu-
ate efficacy of therapeutic agents against endogenous and exogenous infec-
tions following sublethal and lethal doses of ionizing radiation (Brook et
al., 1999). In particular, we developed a model to assess susceptibility of
irradiated mice to a biological warfare (BW) agent, Bacillus anthracis spores,

FIGURE 2-6 The number of leukocytes and thrombocytes in blood of B6D2F1/J
female mice given 6.5 Gy 60Co gamma photons is shown versus time in days after
irradiation. SOURCE: Elliott et al., 1990.
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FIGURE 2-7 Indigenous intestinal microflora decline from 1010-12 CFU/g to 104-6

CFU/g within 4 days in irradiated mice. SOURCE: Brook et al., 1988.

which were inoculated intratracheally in a measured dose to simulate inha-
lation of an aerosol (Brook et al., 2001a).

There are several reasons for performing these studies in an animal
model. We need to limit and control the variable factors. Animal models
offer a compromise between clinical reality and experimental simplicity.
They include the complex pathophysiological and immunological interac-
tions and features of infectious disease, which cannot be mimicked together
in vitro. We use whole-body, acute doses to simulate real worst-case mili-
tary scenarios, whereas whole-body, acute doses are not commonly used in
human medicine. In oncology, radiation therapy is focused and partial-
body. For transplantations, irradiation is whole-body, but fractionated by
giving one-tenth of the total dose per session, and almost always (90–95
percent of cases) chemotherapy is provided during the intervals between
radiation sessions in order to ablate the bone marrow.

Microbiology of B. anthracis-Induced Polymicrobial Sepsis

The experimental design for collecting scheduled microbiological speci-
mens from sublethally irradiated mice that were challenged with intratra-
cheal B. anthracis Sterne spores, is shown in Figure 2-8. Following irradia-
tion and spore challenge, we collected tissues aseptically from five mice per
treatment group, which were euthanized at scheduled times after spore
challenge. We cultured homogenized lung and spleen as well as blood.
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When we gave mice only a 0-, 3-, 5-, or 7-Gy dose of gamma photons, no
bacteria were isolated from tissues. When we gave mice only a dose of B.
anthracis Sterne spores, we only isolated B. anthracis from tissues. But
when we gave mice a dose of spores four days after irradiation, we isolated
not only B. anthracis, but several other bacterial species as well (e.g., En-
terococcus faecalis, Erysipelothrix rhusiopathiae, Staphylococcus sp.,
Acinetobacter lwoffi, Enterobacter cloacae, Klebsiella pneumoniae, and
Escherichia coli)—as many as three species in a single animal—which caused
a polymicrobial sepsis. This is a unique finding in sublethally irradiated
mice, in our experience, which complicates successful antimicrobial therapy
for anthrax following irradiation (Brook et al., 2001a).

To summarize the susceptibility of irradiated mice to infectious agents,
ionizing radiation impairs innate immune responses, decreases colonization
resistance of endogenous bacteria, and reduces the threshold of sepsis caused
by exogenous bacteria.

Following lethal doses, ionizing radiation induces translocation of en-
dogenous bacteria from intestines to the bloodstream. Furthermore, com-
bined sublethal radiation and Bacillus anthracis spores decrease the thresh-
old for translocation of intestinal bacteria and the consequent bacteremia.
Animals develop a polymicrobial infection caused by exogenous B. anthracis
together with endogenous enteric gram-positive and gram-negative bacte-
ria. This is a unique finding.

Antimicrobial Therapy for Sepsis After Irradiation

The successful management of post-irradiation sepsis is a difficult chal-
lenge (Brook et al., 1988; Brook and Elliott, 1991). Antimicrobial agents

FIGURE 2-8 The experimental design for collecting scheduled microbiological spec-
imens from irradiated and challenged mice.
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together with basic clinical support are fundamental. Quinolones have been
recommended for preventing sepsis by selective decontamination of the
intestinal tract. Although anti-gram-positive antibiotics could be used to
supplement other antimicrobial agents, it is imperative that the anaerobic
microflora in the intestine not be suppressed because ionizing irradiation
reduces them by several logarithms and they are required to provide coloni-
zation resistance.

Selected non-specific biological response modifiers (BRMs), which en-
hance innate immunity by inducing cytokines naturally, or specific BRMs,
such as cytokines, could augment specific antimicrobial agents, but this
combined approach to therapy following irradiation remains essentially
experimental (Peterson et al., 1994). Probiotics, such as specific strains of
Lactobacillus, might also offer an advantage by enhancing colonization
resistance and restoring the intestinal microflora.

Factors that influence therapy for post-irradiation infection include: (i)
reduced innate immune responses, particularly the decreased number of
phagocytic cells; (ii) the pathogenesis of microorganisms; (iii) coverage by
selected bactericidal (not bacteriostatic) antimicrobial agents, which cover
facultative gram-positive and gram-negative (but not anaerobic) bacteria;
(iv) the half-life of the selected antimicrobial agent (which in turn deter-
mines the dose schedule); (v) the route of administration (oral is optimal
following irradiation, especially for large numbers of casualties); and (vi)
the starting time and duration of antimicrobial therapy.

The general principles of pharmacokinetics and pharmacodynamics
must be considered as well. Figure 2-9 shows the concept that the concen-
trations of the selected antimicrobial agents must remain above the thresh-
old minimum bactericidal concentration to achieve successful therapy after
irradiation because of the absence of an effective innate response and to
maintain as high an area under the curve divided by the MBC (AUBC) as
practical. That is, in principle, the higher the AUBC, the greater the cidal
effect against the bacteria.

Selection of an effective antimicrobial chemotherapeutic regimen also
depends upon (i) the cidal mechanisms of action of the selected agents,
whether by inhibiting formation of cell wall, interrupting cell membrane
function, interfering with DNA function or replication, inhibiting protein
synthesis, or antagonizing metabolism, and (ii) microbial drug resistance of
bacteria, whether by selection of a pre-existing genetic ability in a popula-
tion or by mutation, which changes the genetic ability of the microorgan-
ism. For antimicrobial therapy for sepsis after irradiation, second-genera-
tion quinolones, either ciprofloxacin or levofloxacin, are recommended as
the first choice, third- or fourth-generation cephalosporins, either
ceftriaxone (third-generation) or cefepime (fourth-generation) as a second
choice, or aminoglycosides, either gentamicin or amikacin, as a third choice,
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with or without amoxicillin or vancomycin as an adjunct, for a duration of
21 days (Brook and Ledney, 1992).

Experimental Antimicrobial Therapy for B. anthracis Sterne-Induced
Polymicrobial Sepsis After Irradiation

The currently recommended treatment for anthrax for up to 60 days is
the quinolone, ciprofloxacin i.v., penicillin G i.v., or the tetracycline, doxy-
cycline i.v. (Dixon et al., 1999; Inglesby et al., 1999). Figure 2-10 depicts
our experimental design for evaluating antimicrobial therapeutic agents
against B. anthracis Sterne infection in sublethally irradiated (7 Gy) B6D2F1/
J female mice. Antimicrobial agents were given for 7, 14, or 21 days after
intratracheal spore challenge (Elliott et al., 2002).

To determine the effect of starting time of therapy on survival, irradi-
ated mice, 12 per group, were given 7.8 × 108 CFU B. anthracis Sterne
spores i.t. Penicillin G, 62.5 mg i.m., was started 6, 24, or 48 hours after
spore challenge and continued for 7 days through day 11. Survival was
prolonged when penicillin was started 6 or 24 hours after challenge, but
when penicillin G therapy was delayed for 48 hours, survival was essen-
tially the same as the control (Elliott et al., 2002).

FIGURE 2-9 Concept of the relationship between pharmacokinetic factors, mini-
mum inhibitory concentration (or minimum bactericidal concentration) of an anti-
microbial agent and the area under the curve versus time after administration of the
drug.
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FIGURE 2-10 An experimental design for evaluating antimicrobial therapeutic
agents against B. anthracis Sterne infection in sublethally irradiated (7 Gy) B6D2F1/
J female mice. SOURCE: Elliott et al., 2002.

To compare survival following therapy with penicillin and the two
quinolones, ofloxacin and trovafloxacin, irradiated mice, 19 or 20 per
group, were given 4.1 × 108 CFU B. anthracis Sterne spores i.t. The quino-
lone ofloxacin, 40 mg/kg p.o., and penicillin G, 125 mg i.m., were given
either separately or in combination, and the quinolone, trovafloxacin, 20
mg/kg, was given either s.c. or p.o. Administration of the agents was started
24 hours after i.t. spore challenge. No control mice survived. Survival was
20 and 25 percent in mice given ofloxacin or penicillin G separately. When
these two agents were combined, survival was increased to 55 percent.
Survival in mice that were given trovafloxacin p.o. or s.c. was 95 and 100
percent, respectively (Elliott et al., 2002).

To evaluate efficacy of macrolides against B. anthracis infection, irradi-
ated mice, 20 per group, were given 1.8 × 108 CFU B. anthracis Sterne
spores i.t. Mice were given doses of macrolides s.c. or p.o., which were
based on allometric scaling to 10 times the equivalent doses in humans,
starting 24 hours after i.t. spore challenge for 14 days through day 18.
Sterile water was given either s.c. or p.o. to control groups of mice.
Azithromycin (AZM, 50 mg/kg) was given either s.c. or p.o. Clarithromycin
(CLR, 150 mg/kg) and erythromycin (ERY, 500 mg/kg) were given only
p.o., and the quinolone, trovafloxacin (TVA, 20 mg/kg) was given p.o. for
comparison with previous results and as a sort of “positive” control. Only
one of 40 water-treated control mice survived. Few mice that were given the
macrolides survived (between 0 and 15 percent). Survival was 80 percent in
mice given trovafloxacin for comparison. The macrolides may be ineffec-
tive because they tend to accumulate in tissues and, so, concentrations in
serum are low (Elliott et al., 2002).
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Antimicrobial Resistance in B. anthracis Sterne in Vitro

We have not observed a change in antimicrobial susceptibility in B.
anthracis Sterne against penicillin G, ciprofloxacin, levofloxacin, and van-
comycin during the course of 21 days of antimicrobial therapy. However,
we evaluated the potential for B. anthracis Sterne to develop antimicrobial
resistance in vitro by passing growth of the bacteria sequentially in mini-
mally inhibiting concentrations of quinolones and doxycycline. Each drug
was diluted two-fold as depicted in Figure 2-11. A 0.1-ml amount of a
suspension of bacteria, which contained approximately 2.0 × 107 CFU B.
anthracis Sterne, was added to each tube in the series and allowed to
incubate at 35˚C. The MIC was determined by visual observation of micro-
bial growth at 24 and 48 hours.

The highest subinhibitory concentration of each antimicrobial agent in
which microbial growth was observed was then used as the inoculum for
the next series of dilutions. This macrodilution method (Davies et al., 1999)
was performed in duplicate with each antimicrobial agent for 21 serial
passages to simulate 21 days of therapy.

The graph in Figure 2-12 shows the results from the evaluation with
alatrofloxacin, a prodrug of trovafloxacin. The MIC began to increase four
times or greater than the initial MIC by the ninth passage. So, it appears
that a subpopulation of B. anthracis Sterne possesses the propensity to
develop resistance against alatrofloxacin in vitro. Results with ciprofloxacin,

FIGURE 2-11 Two-fold macrodilution of an antimicrobial agent in vitro to deter-
mine minimum inhibitory concentration (MIC) of the drug against a strain of
bacteria.
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gatifloxacin, and ofloxacin were similar but we observed only a minimal
increase of the MIC for doxycycline. Cross-susceptibility was also deter-
mined with the cultures from the twenty-first passage among the quinolones.
All substrain isolates that were grown in the presence of one quinolone
were also resistant to the other quinolones (Brook et al., 2001b).

Antimicrobial agents alone are not likely to resolve infection by B.
anthracis, particularly following irradiation, because pathogenesis and death
from B. anthracis is mediated by lethal and edema toxins together with a
polymicrobial sepsis. Therefore, once the toxins are formed, antimicrobial
agents alone are not adequate to prevent mortality. By extending the gen-
eral approach to treating sepsis following irradiation, successful manage-
ment of anthrax following irradiation will include the following elements
discussed below.

New quinolones are effective against both B. anthracis and endogenous
bacteria. Agents with a wide spectrum of activity and high concentration in
serum are more effective than agents with limited spectrum (e.g., penicillin
and early quinolones) or low serum concentration (e.g., macrolides). Bacil-
lus anthracis could develop antimicrobial resistance with prolonged therapy.
Vaccination early during therapy or injection of anti-serum could be a
valuable adjunct to inactivate lethal and edema toxins. The standard, initial
vaccination requires three injections two weeks apart. Horse anti-serum
was used during the treatment of victims of the release of virulent B.

FIGURE 2-12  Change in minimum inhibitory concentration of alatrofloxacin
against Bacillus anthracis Sterne in brain heart infusion during the course of 21
serial passages of the microorganism performed in duplicate. SOURCE: Elliott,
unpublished data; Brook et al., 2001b.
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anthracis spores in Sverdlovsk, USSR, in 1979, but the patients died, so
anti-serum seems to have limited value (Abramova et al., 1993).

Summary

We demonstrated (i) that low-level, acute radiation combined with
endemic and BW agents, B. anthracis in particular, increases mortality
synergistically; (ii) improved, effective therapy, that is, recent quinolones,
to control mixed, polymicrobial infection with intestinal bacteria, which is
induced by B. anthracis spore challenge after irradiation; and (iii) develop-
ment of antimicrobial resistance in vitro in B. anthracis Sterne.
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3

Vector Resistance

OVERVIEW

One way to help stem the spread of antimicrobial resistance is to reduce
the number of cases of disease that must be treated with therapeutic agents,
thereby reducing the selective pressure that often leads to such resistance.
Toward this goal, insecticides play a major role in controlling major disease
vectors—the arthropods that pass pathogens to humans.

The use of insecticides, however, presents a problem parallel to the use
of antimicrobials—the chemical agents themselves frequently promote re-
sistance among the vectors they are intended to control. Indeed, resistance
to insecticides has appeared in every major species of arthropod vectors—
including mosquitoes, ticks, fleas, lice, and sand flies—and various vectors
have developed resistance to every class of pesticide. The focus of this
session of the workshop was an examination of the role that vectors play in
a variety of diseases and how management efforts are being used to better
control vector populations.

Malaria represents a classic example of the difficulties associated with
vector-control efforts. In 1955, the World Health Organization (WHO)
called for the global eradication of malaria through the use of DDT. How-
ever, the mosquitoes that carry the disease soon developed resistance to
DDT, and in 1976 WHO shifted its goal from eradication to control. The
resistance problems continued with the switch to newer insecticides, such as
the organophosphates and pyrethroids. Many experts maintain that new
insecticides, coupled with the development and implementation of various
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other control measures, will be needed to regain long-term control over the
mosquitoes that spread malaria. Some experts, however, argue that DDT
has unfairly been declared an unacceptable hazard, and that it can play an
important—and significantly larger—role in controlling not only malaria
but also such other widespread diseases as dengue.

Research on resistance among vectors now takes two basic approaches.
One approach is to study the molecular mechanisms involved. Scientists
already have a relatively good understanding of the basic mechanisms un-
derlying resistance to commonly used insecticides, and they are now using
recently developed molecular techniques to begin to dissect these mecha-
nisms at the DNA level. The next challenge will be to use this molecular
understanding to develop novel vector-control methods that avoid or mini-
mize resistance problems.

The second approach to research involves resistance management—
that is, developing and implementing control methods that minimize the
likelihood that vectors will evolve strong resistance to important insecti-
cides. Two such promising control strategies are alternating the use of
different insecticides and applying them in mosaic patterns over a given
geographic area. Scientists are now conducting, in Mexico, a large-scale
trial of these two strategies, compared to the use of DDT or a pyrethroid
insecticide used in the conventional manner. Information from such trials
may enable scientists and policy makers to establish rational strategies for
long-term insecticide use.

 Expanding the use of integrated pest management, or IPM, also holds
promise for improving vector-control programs. Tackling a pest problem in
numerous ways at once—including the use of pesticides in a timely manner
at select locations—will likely yield more thorough and longer-lasting con-
trol than would result from any single method applied individually.

Developing and applying mathematical models can provide a solid
basis for identifying new ways to effectively control the emergence of resis-
tance among vector populations—and also to identify methods that are not
effective. Among their benefits, models enable researchers to examine trends
in data, explore questions of population dynamics, compare various man-
agement options, and generate new hypotheses for study. A major road-
block to progress in this area is the lack of interdisciplinary work among
modelers studying insect resistance and those studying antimicrobial resis-
tance in pathogens. Indeed, increased scientific collaboration across disci-
plines could foster scientific progress in numerous areas related to antimi-
crobial resistance. Likewise, policy makers developing programs to control
the spread of antimicrobial resistance among pathogens could benefit by
examining the successes and failures of current vector-control programs.
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INSECTICIDE RESISTANCE IN INSECT VECTORS
OF HUMAN DISEASE

Janet Hemingway, Ph.D.

Liverpool School of Tropical Medicine
Liverpool, United Kingdom

Insecticides play a central role in controlling major vectors of diseases.
In 1955 the WHO Assembly proposed the global eradication of malaria
with DDT. However, the shift from malaria eradication to control in 1976
was prompted by the appearance of DDT resistance in many mosquito
vectors. The resistance problems continued with the switch to newer insec-
ticides such as the organophosphates (OPs), carbamates, and pyrethroids.
Operationally, many control programs have now switched from blanket
spraying of house interiors to focal use of insecticides on bednets. Focal
spraying reduces the amount of insecticide used, but also limits the choice
of insecticides to pyrethroids due to the need for rapid insect kill and high
mammalian safety margin.

Today the major emphasis in research into resistance is on the molecu-
lar mechanisms of resistance, and rational resistance management, with a
view to controlling the spread and development of resistant vector popula-
tions. The level of resistance in insect populations is dependent on the
amount and frequency of insecticides used, and the inherent characteristics
of the insect species selected. For example, for decades tsetse flies have been
controlled by DDT treatment, but resistance has never developed in this
species; the same is true of triatomid bugs. In both species the major factor
influencing insecticide resistance development is the life cycle of the insect
pest, in particular the long life cycles for the bugs, and the production of
very small numbers of young by the tsetses. Mosquitoes, in contrast, have
all the characteristics suited to rapid resistance development including short
life cycles and abundant progeny.

Vector Resistance

The major mosquito vectors span the Culex, Aedes, and Anopheles
genera. Culex are the vectors of filariasis and Japanese encephalitis, Aedes
of dengue, dengue hemorrhagic fever, and yellow fever, and Anopheles of
malaria. The range of many of these species is still expanding.

DDT was first introduced for mosquito control in 1946. In 1947 the
first cases of DDT resistance occurred in Aedes (Brown, 1986). Since then
over a hundred species of mosquito have become resistant to one or more
insecticide (WHO, 1992). Insecticides used for malaria control have in-
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cluded γ-benzine hexachloride (BHC), organophosphorus, carbamate, and
pyrethroid insecticides. Other insecticide groups, such as the benzylphenyl
ureas and Bacillus thuringiensis (Bti), have had limited use against mosqui-
toes.

 γ-BHC/dieldrin resistance is still widespread, despite the lack of use of
these insecticides for many years. OP resistance, in the form of either broad-
spectrum resistance or malathion-specific resistance, occurs in many vec-
tors (Hemingway, 1982, 1983; Hemingway and Georghiou, 1983; Herath
et al., 1987). OP resistance is widespread in all the major Culex vectors
(Hemingway and Karunaratne, 1998) and pyrethroid resistance occurs in
C. quinquefasciatus (Chandre et al., 1998). Pyrethroid resistance is wide-
spread in Ae. aegypti (Hemingway et al., 1989) and cases of OP and car-
bamate resistance also occur in this species (Mourya et al., 1993). The
development of pyrethroid resistance in An. gambiae is particularly impor-
tant given the recent emphasis on the use of pyrethroid impregnated bednets
for malaria control (Vontas et al., 2001).

The peridomestic vectors of Leishmania are primarily controlled by
insecticides throughout their range. The control of these sandflies is often a
by-product of anti-malarial housespraying. The only insecticide resistance
reported to date in sandflies is to DDT (El-Sayed et al., 1989).

The body louse Pediculus humanus has developed widespread resis-
tance to organochlorines (Brown and Pal, 1971), is malathion-resistant in
parts of Africa (WHO, 1992), and has “low-level” resistance to pyrethroids
in several regions (Fine, 1963). Resistance to DDT and lindane occurs in the
human head lice in Israel, Canada, Denmark, and Malaysia (WHO, 1992).
Permethrin has been extensively used for head lice control since the early
1980s. The first reports of control failure with this insecticide were in the
early 1990s in Israel (Mumcuoglu et al., 1995), the Czech Republic (Rupes
et al., 1994), and France (Chosidow et al., 1994).

The Simulium damnosum complex, vectors of onchocerciasis, have
been subjected to long-term insecticide-based control in West Africa since
1974. Temephos resistance prompted a switch to chlorphoxim, but resis-
tance to this insecticide occurred within a year (Hemingway et al., 1991).
Resistance in Simulium is currently being managed by a rotation of
temephos, Bti, and permethrin, the insecticide usage being determined by
the rate of water discharge in the major breeding sites of these vectors.

The Biochemistry of Resistance

Insecticide Metabolism

Three major enzyme groups are responsible for metabolically based
resistance to organochlorines, OPs, carbamates, and pyrethroids. DDT-
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dehydrochlorinase is a glutathione S-transferase (Clark and Shamaan,
1984). Esterases are involved in OP, carbamate, and pyrethroid resistance.
Monooxygenases are involved in the metabolism of pyrethroids, carbam-
ate, and the activation and/or detoxication of OPs.

Esterase-Based Resistance:  The esterase-based resistance mechanisms
have been most extensively studied in Culex mosquitoes and the aphid
Myzus persicae. Broad-spectrum OP resistance is conferred by the elevated
esterases, which act by rapidly binding and slowly turning over the insecti-
cide (Kadous et al., 1983). Two common esterase loci, estα and estβ, are
involved in Culex (Vaughan et al., 1997). In C. quinquefasciatus the most
common elevated esterase phenotype involves estα21 and estβ21 (Vaughan
and Hemingway, 1995). Smaller numbers of Culex have elevated estβ1
alone, elevated estα1 alone, or co-elevated estβ1 and estα3 (DeSilva et al.,
1997; Hemingway and Karunaratne, 1998). Differences of up to 1,000-fold
in the inhibition kinetic constants of these esterases in resistant and suscep-
tible insects occur for the oxon analogues of various OPs (Karunaratne et
al., 1995). The superiority of insecticide binding in enzymes from resistant
insects suggests that there has been a positive insecticide selection pressure
to maintain elevation of favorable esterase.

In contrast to the situation in Culex a number of Anopheles species
have a non-elevated esterase mechanism that confers resistance specifically
to malathion through increased rates of metabolism (Hemingway, 1982,
1983, 1985; Malcolm and Boddington, 1989).

 Glutathione S-Transferase-Based Resistance:  GSTs are multifunctional
enzymes that detoxify a large range of xenobiotics. They catalyze the nu-
cleophilic attack of reduced glutathione (GSH) on the electrophilic centers
of lipophilic compounds. Multiple forms of these enzymes have been re-
ported for the mosquito, housefly, Drosophila, sheep blowfly, and grass
grub (Clark et al., 1984; Clark et al., 1985; Toung et al., 1990).

There are at least three families of insect GST and all have a role in
insecticide resistance. In Ae. aegypti at least two GSTs are elevated in DDT-
resistant insects (Grant and Matsumura, 1989), while in An. gambiae a
large number of different class III GSTs are elevated (Prapanthadara et al.,
1993). The Ae. aegypti and An. gambiae GSTs in resistant insects are
constitutively over-expressed. The GST-2 of Ae. aegypti is over-expressed
in all tissues except the ovaries of resistant insects (Grant and Hammock,
1992).

Monooxygenase-Based Resistance: The monooxygenases are a com-
plex family of enzymes involved in the metabolism of xenobiotics. The P450

monooxygenases are the rate-limiting enzyme step in the chain. P450s are
involved in the metabolism of virtually all insecticides, leading to activation
of OPs, or, more generally, detoxication. Elevated monooxygenase activity
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is associated with pyrethroid resistance in An. stephensi, An. gambiae
(Vulule et al., 1994), and C. quinquefasciatus (Kasai et al., 1998).

Target Site Resistance

The OPs, carbamates, organochlorines, and pyrethroids all target the
nervous system. Newer classes of insecticides are now coming onto the
market place for vector control, but the high cost of developing and regis-
tering them inevitably means that insecticides are developed initially for the
agricultural market and then utilized for public health vector control, where
their activities and safety profile are appropriate. Compounds targeting the
nicotinic acetylcholine receptor have recently made this transition from
agriculture into public health.

Acetylcholinesterase:  The OPs and carbamates target acetylcholinest-
erase (AChE). Alterations in AChE in resistant insects result in a decreased
sensitivity to insecticide inhibition of the enzyme (Hemingway and
Georghiou, 1983). The OPs are converted to their oxon analogues, via the
action of monooxygenases before acting as AChE inhibitors.

GABA Receptors:  Resistance to dieldrin occurred in the 1950s, but the
involvement of the GABA receptors in this resistance was not elucidated
until 1990. The GABA receptor in insects is a widespread inhibitory neu-
rotransmission channel in the central nervous system and in neuromuscular
junctions (Bermudez et al., 1991). It is a site of action for pyrethroids and
avermectins as well as cyclodienes (Kadous et al., 1983; Bloomquist, 1994).

Sodium Channels:  The pharmacological effect of DDT and pyrethroids
is to cause persistent activation of the sodium channels by delaying the
normal voltage-dependent mechanism of inactivation (Soderlund and
Bloomquist, 1989). In mosquitoes there have been many reports of sus-
pected ”kdr”-like resistance inferred from cross-resistance between DDT
and pyrethroids, which act on the same site within the sodium channel.
These reports have been validated by electrophysiological measurements in
Ae. aegypti and An. stephensi (Hemingway et al., 1989; Vatandoost et al.,
1996).

The Molecular Biology of Resistance

Mutations in Structural Genes

Resistance to malathion is caused by a single Trp251-Leu substitution
within the E3 esterase of Lucilia cuprina (Campbell et al., 1998). A similar
phenotype has been observed in malathion-resistant Anopheles (Hemingway
and Georghiou, 1983). A second Gly137-Asp substitution in E3 confers
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broad cross-resistance to many OPs, but not to malathion (Newcomb et al.,
1997).

Non-silent point mutations within structural genes are the cause of
target site resistance. The mutations reduce insecticide binding without
causing a loss of primary function of the target site. The number of possible
amino acid substitutions is limited and identical resistance-associated muta-
tions are found across divergent taxa. The degree to which function is
impaired by the mutations is reflected in the fitness of resistant individuals
in the absence of insecticide selection. This fitness cost is important in the
persistence of resistance in the field.

An alanine to serine substitution in the channel-lining domain of the
GABA receptor confers resistance to cyclodienes (ffrench-Constant et al.,
1998). The mutation occurs in a broad range of dieldrin-resistant insects
(Thompson et al., 1993), occasionally in an alanine to glycine form. Despite
the widespread switch away from cyclodienes for agricultural and public
health use, the resistance allele is still found at relatively high frequencies in
insect field populations (Aronstein et al., 1995).

A reduction in the sensitivity of the voltage gated sodium channel to
insecticide binding causes the kdr resistance phenotype. Kdr mutants are
more variable than those in the GABA receptors, but are still limited to a
small number of regions on this large channel protein. The first mutation to
be characterized in kdr insects was a leucine to phenylalanine mutation in
the S6 transmembrane segment of domain II in the sodium channel se-
quence (Martinez-Torres et al., 1998) that produces 10- to 20-fold resis-
tance to DDT and pyrethroids. In “super-kdr” houseflies, this mutation is
combined with a second methionine to threonine substitution further up-
stream in the same domain resulting in >500-fold resistance (Williamson et
al., 1996). A PCR-based diagnostic discriminates between homozygous-
susceptible, homozygous-resistant, and heterozygotes with the Leu to Phe
mutation (Martinez-Torres et al., 1998). Since kdr is partially recessive the
ability to detect heterozygotes is of paramount importance in the early
detection and management of resistance in the field.

The number of changes may be constrained by the possible modifica-
tions that can influence pyrethroid/DDT binding to the sodium channels.
However, a note of caution is needed, as there is a tendency to investigate
pyrethroid-resistant insects with a PCR approach confined to regions where
a kdr mutation has already been seen. Hence changes in other parts of the
sodium channel gene could be missed. A different approach to isolating
kdr-type mutants has been used in Drosophila, utilizing the relative ease
with which large numbers of mutants in the para sodium channel gene can
be isolated based on their temperature sensitivity. Two classes of these
mutations are in positions equivalent to the kdr and super-kdr mutations in
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different domains. The third class is in a novel position (ffrench-Constant et
al., 1998).

A range of different amino acid substitutions in the acetylcholinesterase
Ace genes of Drosophila and the housefly M. domestica cause resistance
(Feyereisen, 1995). Many of these mutations lie close to or within the active
site gorge. Five point mutations associated with OP and carbamate resis-
tance have been identified in D. melanogaster. AChE and site directed
mutagenesis of the sex-linked AChE from Ae. aegypti have demonstrated
that these same mutations also confer resistance in the mosquito enzyme,
but none of these mutations have been identified in field-collected insects.

Gene Amplification

In three Culex species an estβ gene is amplified in resistant insects
(Vaughan et al., 1995; Whyard et al., 1995; Karunaratne et al., 1998). The
commonest amplified esterase-based mechanism involves the co-amplifica-
tion of two esterases, estα21 and estβ21 in C. quinquefasciatus and other
members of the C. pipiens complex (Vaughan et al., 1997). Other strains of
Culex have amplified estα3 and estβ1 co-amplified (DeSilva et al., 1997),
while the TEM-R strain has amplified estβ1 alone (Mouches et al., 1986).

The estα and estβ genes have arisen as the result of an ancient gene
duplication. The genes are in a head-to-head arrangement approximately
1.7 kb apart in susceptible insects (Vaughan et al., 1997). In resistant
insects the amplified estα21/estβ21 genes are 2.7 kb apart; the difference is
accounted for by expansion with three indels in the intergenic spacer
(Vaughan et al., 1997), which have introduced further gene regulators
(Hemingway et al., 1998). Amplification of these alleles has occurred once
and spread worldwide by migration (Raymond et al., 1991).

Transcriptional Regulation

Amplified esterases are expressed at different levels. For example, there
is four-fold more estβ than estα in resistant C. quinquefasciatus, although
the genes are present in a 1:1 ratio. This difference in expression is reflected
at the protein and mRNA level (Karunaratne et al., 1995).

GSTs metabolize DDT and OPs (Hemingway et al., 1985) and moder-
ate the toxic effects of pyrethroid-generated radicals (Vontas et al., 2001).
GST-based DDT resistance is common in Anopheles, reflecting decades of
heavy use of DDT for malaria control. Molecular characterization of GSTs
is most developed in An. gambiae and An. dirus (Hemingway et al., 1998;
Prapanthadara et al., 1998). Three classes of insect GSTs are important in
insecticide metabolism in insects. Aedes aegypti GST-2, is overexpressed in
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a DDT-resistant GG strain, where the resistance mutation leads to disrup-
tion of a trans-acting repressor (Grant and Hammock, 1992).

In An. gambiae multiple class I and class III GST genes are clustered in
separate single locations. One gene, aggst1α, is alternatively spliced to
produce four distinct mRNA transcipts each of which shares a common 5’
exon but differing 3’ exons (see Figure 3-1) (Ranson et al., 1998). The
organizations of the class I GST gene family in insecticide-resistant and
-susceptible An. gambiae are similar.

Insect P450s belong to six families. Increased transcription of genes
belonging to the CYP4, CYP6, and CYP9 families occurs in insecticide-
resistant strains. It is not known which enzymes are responsible for insecti-
cide metabolism in mosquitoes. Helicoverpa armigera has different resis-
tance-associated P450s between strains; CYP6B2 is overexpressed in a
pyrethroid-resistant strain (Xiao-Ping and Hobbs, 1995), whereas CYP4G8
is overexpressed in another (Pittendrigh et al., 1997).

P450-based resistance in M. domestica (housefly) and D. melanogaster
is mediated by mutations in trans-acting regulatory genes. CYP6A8 is highly
expressed in the DDT-resistant 91-R strain of D. melanogaster but not
detectable in the uninduced 91-C susceptible strain (Maitra et al., 1996;
Dombrowski et al., 1998). Hybrids between the two strains show low levels
of expression suggesting that the 91-C strain carries a repressor that sup-
presses transcription of CYP6A8 (Liu and Scott, 1997).

      5'                              5'                           3'               3'                3'       5'                       3'

GENOMIC CLONE

cDNAs

Transcripts seen

3'

FIGURE 3-1 The class I and class III glutathione S-transferase family of Anopheles
gambiae, which include an intronless gene aggst1-2, an alternatively spliced gene
aggst1α with four distinct viable transcripts, and the aggst1β gene with two in-
trons.
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Management of Insecticide-Resistant Vector Populations

The use of an insecticide until resistance becomes a limiting factor is
rapidly eroding the number of suitable insecticides for insect control. Rota-
tions, mosaics, and mixtures have all been proposed as resistance manage-
ment tools. Numerous mathematical models have been produced to esti-
mate how these tools should be optimally used (Tabashnik, 1989).
However, these models have rarely been tested under field conditions due
to the practical difficulties in estimating changes in resistance gene frequen-
cies in large samples of insects (Hemingway et al., 1997). With the advent
of different biochemical and molecular techniques for resistance gene fre-
quency estimation, field trials of resistance management strategies have
become more feasible. A large-scale trial of the use of rotations or mosaics
of insecticides compared to single use of DDT or a pyrethroid is currently
under way in Mexico (Penilla et al., 1998). Changes in resistance gene
frequencies in An. albimanus are being monitored over a four-year period.
Information resulting from such large-scale trials may allow us to establish
rational strategies for long-term insecticide use. As our ability to manipu-
late the insect genome improves and our understanding of the regulation of
insecticide resistance mechanisms increases, new strategies should be de-
vised for incorporation into these control programs.

MANAGING THE EMERGENCE OF
PESTICIDE RESISTANCE IN VECTORS

William G. Brogdon, Ph.D.

Centers for Disease Control and Prevention, Atlanta, GA

A linked four-stage process, involving investment, surveillance, interpreta-
tion, and remediation, is described for management of insecticide resis-
tance in vectors. Insecticide resistance has been a problem in all insect
groups that serve as vectors of emerging diseases. Although mechanisms
by which insecticides become less effective are similar across all vector
taxa, each resistance problem is potentially unique and may involve a
complex pattern of resistance foci. The main defense against resistance is
close surveillance of the susceptibility of vector populations. This requires
the investment of programs in surveillance. Once surveillance data have
been gathered, it is crucial that the results be interpreted practically, in
terms of control efficacy. Only then can strategies for remediation be
undertaken.

There are fundamental differences between the management of pesti-
cide and that of antimicrobial resistance. Rapid generation times in mi-
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crobes can lead to rapid selection of highly resistant populations, even in
the course of a single infection. Generation times in vectors are significantly
longer, resulting in more gradual selection of resistance. Among the more
rapid emergences of insecticide resistance we have observed was the ap-
pearance and intensification of fenitrothion resistance over a three-month
period at one location in Haiti following an insecticide spray cycle (Brogdon
et al., 1988).

The focus of antibiotic resistance management is on infections in indi-
vidual patients or in specific institutions. The focus of insecticide resistance
management is on vector populations in a geographic control area. The use
of antibiotics follows similar principles throughout the world. The applica-
tion strategies for insecticides are radically different around the world. For
control of malaria, wall spraying and the use of insecticide-impregnated
bednets are the most used methods of control. In the United States, ground
and aerial application of ultra-low volumes of insecticide are widely used.

Changes in antibiotic use have little environmental impact. Changes in
insecticide use can have significant environmental impact. Collection, cul-
ture, and testing of resistant microbe strains is not technically difficult or
expensive. Collection, culture, and testing of resistant insects can be both
difficult and expensive. Generally, teams of individuals must go into the
field and collect through the night, sometimes for days, to obtain an ad-
equate number of insects for resistance testing. Collections may include
adults, larvae, or eggs of vectors.

Control failure in antibiotic use can have immediate fatal consequences
for the patient. Insecticide control failure may have less obvious impact on
disease control. The continued survival of a vector species may be less
noticeable against a background of pest species that have been controlled,
giving the illusion of adequate vector control. For example, good control of
pest species of mosquitoes in Florida gave the impression that control with
a particular insecticide was adequate. Further testing revealed that Culex
nigripalpus, the principal vector species, did not respond to that insecticide
(Brogdon, unpublished data).

The most significant feature shared by antimicrobial and insecticide
resistance management is that the choice of new chemical options is danger-
ously limited. It is crucial that legislators and health officials make the
investment necessary to manage resistance. Funding allows resistance prob-
lems to be detected and assessed through the use of resistance surveillance.
Going through the motions of resistance surveillance is a waste of resources
unless the data obtained are subjected to professional and timely interpreta-
tion. Only after the problem has been adequately detected and interpreted
can the program develop a strategy for remediation of the problem.
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Investment in Resistance Management

The investment that is being applied to antimicrobial resistance be-
comes obvious if one simply does an Internet search with the keywords
“antimicrobial resistance.” Key sites that are immediately located include
those established by WHO, the European Antimicrobial Resistance Surveil-
lance System, and the Centers for Disease Control and Prevention (CDC).
These sites provide timely data on the detection, assessment, and distribu-
tion of antimicrobial resistance throughout the world.

Corresponding sites dedicated to insecticide resistance are not found.
The extent of the problem was revealed by a fortunate investment under the
Emerging Infections Program at CDC that funded an Insecticide Resistance
Surveillance Laboratory. Through collaborative work with over 20 states,
it became clear that insecticide resistance is widespread, though highly focal
in the United States (Brogdon, unpublished data). More troubling is the
observation that knowledge of insecticide resistance status is virtually non-
existent in vector control programs. Similar difficulties apply overseas. In
general, insecticide susceptibility testing is the last activity funded in control
programs. If funded, it is the first activity cut. A serious commitment to
resistance management is not made. Though there are exceptions, these
observations are generally applicable.

Reversing the trend regarding investment in insecticide resistance test-
ing will require training of the appropriate health officials in the techniques
that may be used to detect and assess resistance problems. This may be
done through training courses or through training-oriented websites. One
such website for insecticide resistance testing has been produced at the
CDC (http://www.cdc.gov/ncidod/wbt/resistance/).

Insecticide Resistance Surveillance

The most fundamental feature of insecticide resistance problems may
be that each such problem is potentially unique, given the broad variety of
resistance mechanisms available to the insect and the great disparity in
insecticide use history and thus selection pressure on natural populations of
vectors. Given the diversity of problem types and the focal nature of resis-
tance, it becomes the primary goal of resistance surveillance to measure
resistance as it exists, at a particular place, at a particular time. Fortunately,
an array of bioassay, biochemical assay, and molecular methods already
exist (and many others are under active development) to facilitate detection
and assessment of resistance problems.

The first line of defense (and the most cost-effective) is a bioassay
method, such as the bottle bioassay developed at the CDC (Brogdon and
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McAllister, 1998a). Using this technique, the specific formulation of
insecticide(s) used in a program may be used in a simple test of susceptibil-
ity of the vector species. A discriminating insecticide dosage is empirically
determined, a resistance threshold (upper range limit of time of survival of
a susceptible population) is established, and testing can proceed to rapidly
characterize populations in the control area. Use of insecticide resistance
enzyme inhibitors (synergists) can provide information on the mechanism
of insecticide resistance in bottle assays, but, typically, the most detailed
information on resistance mechanisms comes through application of bio-
chemical resistance assays, generally conducted in microtiter plates. Knowl-
edge of the mechanism allows a program to make an informed decision on
how to combat the problem. For example, some mechanisms may be ren-
dered ineffective through the judicious use of synergists. In other cases, it
becomes necessary to switch insecticides. Knowing the resistance mecha-
nism protects the program from falling prey to cross-resistance, where
resistance to the insecticide used also crosses to insecticides that have not
been used, but that are susceptible to the same resistance mechanism.

Biochemical microplate assays are available for the oxidase, esterase,
glutathione S-transferase, and insensitive acetylcholinesterase resistance
mechanisms. These assays give clear evidence of resistance mechanisms,
provided their results are carefully correlated to bioassay data from the
same vector populations. One drawback of these techniques is that the
insects to be tested must be fresh or frozen at dry ice (–80°C or better)
temperatures. This becomes a real problem in field situations, particularly
in the tropics. Moreover, no biochemical assay yet exists (though one is
under development) for the target site resistance mechanism (kdr) that
afflicts pyrethroid use.

Biochemical data are interpreted similarly to bioassays, in that an up-
per range limit for resistance enzyme activity is established as a threshold,
allowing individuals with higher than normal activities to be classified as
less susceptible (given corroborative bioassay data). The biochemical data
should account for a similar proportion of a vector population above the
resistance threshold as bioassay tests on the same population. An advantage
of biochemical assays is that they may be conducted as a complete panel or
battery of tests, generally conducted in triplicate, on each insect. Data from
multiple tests may be plotted on the same graph, clearly revealing instances
of cross-resistance.

Increasing understanding of insect molecular biology is transforming
the field of resistance detection, through direct sequencing of resistance
genes and the applied use of both qualitative and quantitative PCR and
RTPCR. Advanced techniques such as fluorescence PCR are allowing effi-
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cient detection of resistance gene copy number (multiple esterase copies are
a frequent cause of resistance), level of gene expression (important in the
increased expression of oxidase genes), and the efficient detection of point
mutations in insecticide target genes (Brogdon and McAllister, 1998b).

There are two huge advantages to the use of molecular resistance detec-
tion techniques. First, preserved (in alcohol or desiccated) specimens may
now be used in the analysis, allowing much easier logistics in the collection
and transport of collected vector insects. Also, molecular analysis allows
the use of insects collected as pools. Collection of vector samples is expen-
sive in both time and personnel. It would be invaluable if the same pools of
insects collected for routine viral surveillance, for example, could also be
used for identification of species (and their relative number), measurement
of resistance mechanism indices, and correlation of resistance-positive and
disease-positive pools. This exciting scenario should be within reach of
current molecular technology.

Given investment in surveillance, we now have the technology to pro-
vide the necessary raw data for us to manage insecticide resistance. These
techniques are making it possible to deal with the greatest emerging prob-
lem in resistance surveillance, that of multiple resistance. Multiple resis-
tance is the resistance to an insecticide through multiple resistance mecha-
nisms. Additional resistance mechanisms may enhance, reduce, or modify
the insecticide specificity of the resistance based upon a single mechanism.
Such complex problems make proper interpretation of data a critical factor
in resistance management.

Interpretation of Resistance Data

It is an unfortunate part of the history of vector control that so much
routine resistance surveillance data was detected in the absence of subse-
quent informed analysis. Frequently such testing was done as a routine,
with the methods carefully followed, but with the data filed away un-
interpreted. It is the most frequent failing in the process of conducting
resistance management.

One particular problem that arises is that field personnel do not know
how to cope with interpretation when they lack access to an established
susceptible strain of the insect being tested. All that is required is for the
program to establish a susceptibility baseline using the current target popu-
lation. These data are interpreted though evaluation of the level of current
control success on that population. The mission then becomes to monitor
for changes in resistance baseline and in control success. The presence of
even high levels of insecticide resistance may or may not be relevant to
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vector control. If the efficacy of control is not being concurrently assessed,
it serves no purpose to conduct resistance susceptibility testing. Even if
resistance is “detected,” its significance will remain unknown. All success-
ful control programs carefully assess the efficacy of their program, whether
by plotting incidence of disease cases or by counting adult or larval collec-
tions at informative sites. These data must be integrated with the resistance
surveillance data for effective remediation of problems to be contemplated.

Remediation of Resistance

Just as every resistance problem may be unique, every solution is
potentially unique. Management schemes take one of two forms. The sim-
plest is surveillance-response. The most inexpensive strategy, it involves
establishment of susceptibility baselines, periodic susceptibility testing,
correlation of changes with control efficacy, and change of control strat-
egy when the data indicate the necessity of doing so. Response choices
are to switch chemicals, to apply chemicals focally, or where chemicals are
ineffective, to use source reduction or concentrate on personal protection.

The more complicated and expensive strategy, integrated pest manage-
ment (IPM), presupposes a deeper understanding of the disease and vector.
Strategies for IPM include rotations of chemicals, timed application of
chemicals, use of mixtures, and the provision of refugia (mosaic application
of insecticides) for resistance genes. Thus far, the best example of a resis-
tance management program in a disease vector is the Onchocerciasis Con-
trol Program in Africa. There, 11 countries invested (through the assistance
of 80 development partners) in resistance surveillance, interpretation, and
remediation in an area where 35 million people are at risk for the disease
(WHO, 1997). Where there has been success in one program lies the poten-
tial for success in others.
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WHAT IS THE ROLE OF INSECTICIDE RESISTANCE IN THE
RE-EMERGENCE OF MAJOR ARTHROPOD-BORNE DISEASES?

Donald R. Roberts, Ph.D.*

Department of Preventive Medicine and Biometrics
Uniformed Services University of the Health Sciences, Bethesda, MD

Paul B. Hshieh, Ph.D.

Office of Biostatistics and Epidemiology, Center for Biologics
Evaluation and Research

Food and Drug Administration, Rockville, MD

Twenty years of spectacular and continual growth in cases (see Figure
3-2) and geographical spread of human malaria (Roberts et al., 1997) and
dengue fever (Gubler, 1998) in the Americas should send a resounding
message that something is horribly wrong in modern approaches to disease
control. Within the last few months dengue has spread to Hawaii and
Easter Island, and an outbreak is occurring in Argentina. In fact, outbreaks
are occurring commonly throughout the Americas (ProMED-mail, 2002).
Aedes aegypti is the primary vector of dengue. This vector has re-invaded
and proliferated in almost all areas of the New World where it had previ-
ously been eliminated. Modern vector control methods have not measur-
ably slowed re-conquest of the Americas by this important vector of dengue
and yellow fever viruses.

The insecticide and methods previously used to exert decades of control
over malaria and to eliminate Ae. aegypti are no longer (or rarely) used.
Malaria and dengue were controlled in different ways; but the insecticide
(DDT) was the same for both. The environmental movement has forced the
move away from proven methods of disease control. Environmental activ-
ists have campaigned to stop use of DDT and other insecticides in public
health (Amato, 1993; World Wildlife Fund [WWF], 1999). Claims that
resistance neutralized the effectiveness of insecticides have been part of the
environmental campaign, as illustrated in the claim that “DDT resistance
has been a factor in the failure of many national malaria eradication pro-
grams.” (WWF, 1999).

*Disclaimer: The opinions and assertions contained in this article are not to be considered
as official or as reflecting the views of the Department of Defense or the Uniformed Services
University of the Health Sciences.
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Decades of research have been employed to reduce the complex phe-
nomena of insecticide resistance in disease vectors into simpler subsystems.
As comprehensively reviewed by Hemingway and Ranson (2000), resis-
tance has been studied in many vector species, especially in vectors of
malaria and dengue viruses, and at many levels, to include its molecular
basis. This reductive approach has not led to accurate models and predic-
tive theories that are broadly applicable to disease control operations. As
recently shown with insecticide-treated nets, resistance does not necessarily
counter the benefits of insecticide use (Sina and Aultman, 2001). The same
has been shown for the continuing effectiveness of sprayed houses in con-
trolling malaria, even when the vectors are resistant to the insecticide that is
being used (Roberts and Andre, 1994).

Failure of predictive accuracy has occurred because research has fo-
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FIGURE 3-2 Growth in standardized malaria indexes from 1960 to 1996. The
pattern of growth in malaria cases represents index values that have been standard-
ized on the basis of annual blood examination rates across 12 countries of the
Americas (Belize, Bolivia, Brazil, Colombia, Costa Rica, Ecuador, Guatemala, Guy-
ana, Mexico, Panama, Peru, and Venezuela).
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cused almost completely on toxicological resistance, which, in turn, is based
on the erroneous premise that insecticides control disease transmission by
killing insects. No example of this fundamental error is more revealing than
in the resistance of malaria vector mosquitoes to DDT.

A recent probability model (Roberts et al., 2000) quantifies DDT’s
mode of action in controlling malaria transmission inside houses. The model
shows that greatest impact of DDT residues stems from a repellent action.
A contact irritant action is next in order of importance. The model was
tested against field data for important malaria vectors in the Americas,
Africa, and Asia. The results showed that mortality accounted for less than
10 percent of the total impact of DDT residues against two vectors, from 10
percent to about 36.2 percent against a third vector, and 18.3 percent
against a fourth vector. In a separate study, the model was field validated in
experimental hut studies against a fifth vector species in southern Belize
(Grieco et al., 2000). This model represents the first use of stochastic meth-
ods to elucidate actual functions of DDT residues, but it was certainly not
the first demonstration of DDT’s powerful repellent and irritant actions.

From the very beginning of DDT’s use, it was known as a slow-acting
poison (Metcalf et al., 1951) that strongly influenced insect behavior. In
1947 Kennedy published a paper (Kennedy, 1947) entitled “The Excitant
and Repellent Effects on Mosquitoes of Sub-Lethal Contacts with DDT.”
This paper warrants careful consideration because its 1947 publication
date means that the research was actually conducted before wide-scale use
of DDT in malaria control (which started in 1946). Kennedy’s experiments
demonstrated repellent and irritant actions of DDT against a vector of
malaria (Anopheles maculipennis atroparvus) and Ae. aegypti. Kennedy’s
work was published five years before the first report of DDT resistance in a
malaria vector mosquito.

Kennedy introduced his paper as follows:

During the war it was necessary to concentrate on the practical develop-
ment of DDT as an insecticide without waiting for studies of its mode of
action. Working assumptions had to be made, especially with regard to
the possible repellency of DDT deposits. Buxton (1945) sums up what has
been the accepted opinion on this subject, as follows: “DDT does not act
as a repellent to any insect, so far as is known” (Kennedy, 1947).

He went on to say that “. . . the existence of contact repellency has been
firmly established.” Buxton (1945) mentioned “restlessness” as an early
symptom of DDT poisoning. This has been described under semi-field con-
ditions by Gahan and others (1945) and by Metcalf and others (1945), who
observed also that mosquitoes excited by contact with DDT no longer
stayed in dark corners but made for the windows.

However, such repellency has been discounted as of no practical signifi-
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cance because, in Buxton’s (1945) words: “So far as is known, once visible
symptoms develop, death follows: recovery from an early stage of poison-
ing does not occur.”

“This idea is perhaps even more widespread than the idea that DDT is
not repellent” (Kennedy, 1947).

Kennedy ended his introductory paragraph with the statement that
“Our laboratory observations did not bear out these statements” (Kennedy,
1947).

Kennedy then reported on a series of laboratory experiments showing
that mosquitoes were strongly repelled by DDT residues (for example, see
Figure 3-3), and that the test specimens often recovered completely after
showing preliminary symptoms of poisoning. With this documentation he
concluded that “DDT must be regarded as acting in two contradictory
ways simultaneously. It acts as a lethal agent on the one hand, and as an
excitant and thereby sometimes a repellent on the other” (Kennedy, 1947).
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FIGURE 3-3 Percent of Anopheles maculipennis atroparvus females escaping from
DDT-treated and untreated chambers in just three minutes post-exposure. Black
bars represent data for DDT-treated chambers; white bars are for control cham-
bers. Percent remaining accounts for those that did not immediately escape from
the exposure chamber. SOURCE: Kennedy, 1947.
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Kennedy’s work was conducted at a time when Professor George
Macdonald was establishing the mathematical foundations of malaria con-
trol. Kennedy commented on Macdonald’s views:

Macdonald (in discussion on Buxton, 1945, p. 394) was convinced that
the reduction in anopheline infestation of sprayed rooms was due to actu-
al destruction of mosquitoes and “not due to repellent effect, a point of
extreme importance.” His evidence was the presence of dead mosquitoes
and the lack of any increase in the infestation of adjoining, untreated
rooms. Nevertheless he remarked that there was no evidence of any reduc-
tion in such untreated rooms for which, as he said, “one might legitimate-
ly hope” in view of the passage of mosquitoes from room to room. The
solution of this puzzle is surely that there was both destruction and repul-
sion of the mosquitoes (Kennedy, 1947).

Six years later, in 1953, Macdonald and Davidson published what
became the founding principles for using insecticides in malaria control.
Their analyses were based on field studies from 1947 to 1952. They did not
cite Kennedy’s paper and chemical actions favoring mosquito survival were
characterized as undesirable. Macdonald and Davidson struggled valiantly
to reconcile DDT’s slow killing power with its spectacular ability to reduce
malaria.

The authors knew of DDT’s complex influence on vector behavior, as
revealed in assessments that:

• “DDT was the most irritant of the three insecticides (DDT, BHC,
and Dieldrin), and a very large proportion of the mosquitoes escaped its
action.”

• “The marked irritant properties of DDT were evident in all these
treatments, the greater proportion, and sometimes as much as 90 per cent,
of the mosquitoes being caught in the window traps.”

• “The marked irritant effect of DDT on mosquitoes makes adequate
dosage . . . imperative” (Macdonald and Davidson, 1953).

In the end, Macdonald and Davidson concluded that the answer to
DDT’s “irritant” action was to increase dosage so that mosquitoes would
absorb a lethal dose before chemical repulsion. A surprising conclusion
considering that Kennedy (1947) reported that “. . . excitation appears
quickly, often in a matter of seconds after the insects are brought into
contact with DDT . . .” (Kennedy, 1947).

One might wonder how Macdonald and Davidson, with their compre-
hensive knowledge of malaria, could so seriously err in understanding
DDT’s mode of action? In their defense, key elements of field data were
missing, as revealed in their assessment that “In most, if not all, . . .
entomological assessment of the efficiency of the insecticides has been based
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on records of the reduction in numbers of the daytime-resting population of
treated shelters. No account has been taken of mosquitoes entering and
leaving the shelters during the night” (Macdonald and Davidson, 1953).

Macdonald and Davidson stated that, of their tentative conclusions,
“the one most clearly brought to light is that a considerable expansion of
our knowledge is urgently needed—an expansion in the fields of basic
theory, anopheline habits, the physical chemistry of insecticides, and their
mode of action” (Macdonald and Davidson, 1953).

Unfortunately, rapid acceptance of their model virtually guaranteed
that research and expansion of knowledge, particularly regarding chemical
mode of action, would not occur. Macdonald and Davidson allowed that
DDT killed mosquitoes that entered houses and reduced longevity of ma-
laria vector populations below what is needed to maintain malaria trans-
mission. Acceptance of this concept ended debate and support for research
on DDT’s mode of action. With preeminence of the idea that DDT reduced
vector population longevity, Kennedy’s research, and that of many others,
was relegated to obscurity. The facts that DDT was a powerful repellent, a
functional irritant, and only a slow-acting poison were ignored. Those facts
have now been resurrected in the probability model, described above.

To fully appreciate the probability model, it is important to understand
that insects have extraordinary abilities to detect and respond to chemicals;
for example, certain species are capable of detecting a single molecule in
1017 molecules of air. Insects have developed these abilities as an adapta-
tion to secondary chemicals that occur in nature. Plants and animals pro-
duce the so-called “secondary” chemicals to repel, deter, irritate, or poison
herbivores, predators, and parasites (Schoonhoven, 1985). DDT is an
organohalogen compound, and organohalogens are produced as secondary
chemicals in nature (Gribble, 1999). The similarity of DDT to natural
organohalogens is suggested by the finding that males of a species of
euglossine bee are attracted to DDT and will travel to houses and collect
DDT from sprayed walls (Roberts et al., 1982). The bees store (relative to
their size) large amounts of DDT in hind tibial pouches and, remarkably,
are not harmed. It is also worth noting that we now know that some
natural organohalogens are persistent in the environment, are lipophilic,
bioaccumulate, and may be present in greater abundance than synthetic
compounds like DDT (Vetter et al., 2001). As a final point, winged adult
insects can easily and rapidly move away from a poison (given that the
chemical is not useful to the insect) and avoid the biological cost of prema-
ture death or metabolic detoxification.

When a malaria vector is inside a house it is exposed to human hosts,
outdoors it is exposed to a variety of hosts. Thus, it is generally understood
that malaria transmission becomes most efficient when vectors and humans
come together inside the confined spaces of homes. When the vector is
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outside, it only has access to indirect human host stimuli emanating from
inside the house. Once the vector is indoors, host proximity and unob-
structed “view” of the human host (no intervening wall) alters the balance
between factors that inhibit versus factors that stimulate a vector to bite.
These factors and host availability influence probabilities of disease trans-
mission.

By definition, a repellent action occurs when the mosquito is repelled
without making physical contact with the chemical. In contrast, a mosquito
is irritated only after making physical contact with a sprayed surface. Physi-
cal contact that results in an irritant response (escape response) can occur
after very brief physical contact (as shown by Kennedy, 1947). A toxic
action requires more prolonged physical contact with a sprayed surface
(Roberts and Andre, 1994). The vector’s actions, for example, moving to a
house, entering the house, resting on walls, and biting, can be aligned
sequentially with repellent actions that prevent house entering; irritant ac-
tions that promote premature exiting and prevent biting indoors; and toxic
actions that produce mortality (Roberts et al., 2000).

We used the following notations to simulate interactions of repellent,
irritant, and toxic actions of insecticides:

T: treatment house.
C: control house.
pe: probability a mosquito will enter the house.

pb|e: probability a mosquito will bite, given that it enters the house.
pbe: probability a mosquito will enter the house and bite indoors.

ps|be: probability a mosquito survives, given that it entered the house and
took a blood meal indoors.

psbe: probability a mosquito will enter the house, bite indoors, and sur-
vive.

Applying the multiplication law of probability (Rosner, 1995), we have
the following equations

pbe = pb|e × pe (1)
psbe = ps|be × pb|e

 × pe (2)

As stated above, we assume that probabilities for different vector ac-
tivities in the control house each equate to unity. This assumption leads to
the relationship of pe

c = pb e
c
| = ps be

c
| = 1 and implies that pe

c  = pbe
c = psbe

c = 1;
see equations (1) and (2). The influence of insecticide on mosquito activities
can be described as the probability difference between control and treat-
ment for entering, biting, and surviving. For the act of entering the house,
the probability difference is 1– pe

t ; and for the biting and surviving, 1– pbe
t

Copyright © National Academy of Sciences. All rights reserved.

The Resistance Phenomenon in Microbes and Infectious Disease Vectors:  Implications for Human Health and Strategies for Containment -- Workshop Summary
http://www.nap.edu/catalog/10651.html

http://www.nap.edu/catalog/10651.html


VECTOR RESISTANCE 101

and, 1– psbe
t respectively. Actually, based on conditional probabilities, 1– pe

t

is the cumulative effect due to insecticide repellency, 1– pbe
t is the cumulative

effect due to repellency plus irritancy, and  1– psbe
t is the cumulative effect

due to repellency, irritancy, and toxicity. The probability of entering, pe
t ,

can be estimated by

pe
t = Number entered sprayed house

Number entered control house

Using comparative data from the control house, pb|e can be estimated
by the observed proportion of mosquitoes that bite or become blood en-
gorged within the treated house, and ps|be can be estimated by the observed
proportion of mosquitoes that survived after they entered and fed in the
treated house. To model field data, we would further adjust probabilities to
account for natural differences in numbers collected in houses as a result of
location differences.

Our simulations (formulas not presented) partitioned the total impact
of a sprayed house by the percent of effect that can be attributed to each
chemical action. Overall, the combined effects of repellent and irritant
actions (1– pbe

t ) did not drop below a cumulative level of 50 percent effec-
tiveness until probabilities of entering and biting indoors were very high,
pe

t => 0.7 and pbe
t => 0.7 (i.e., almost no repellent or irritant action).

In experimental hut studies the repellent actions of DDT residues can
function at levels above 90 percent compared to unsprayed huts (Grieco et
al., 2000; Roberts et al., 2000). No repellent action was detected in a
deltamethrin-sprayed hut, but a pronounced irritant action drove mosqui-
toes out of the deltamethrin-sprayed hut several hours before they exited
the control hut. The combined message from model simulations and experi-
mental hut studies is that DDT functions as a repellent, secondarily as an
irritant, and lastly as a poison. In contrast, deltamethrin seems to function
as an irritant and secondarily as a poison. These findings highlight a simple
truth, an insecticide is just one more chemical in the mosquito’s chemical
world. The mosquito can detect and respond to an insecticide in many
ways, perhaps the least likely being physical contact and death.

We have shown that repellent and irritant actions of DDT did not
suddenly surface after decades of DDT use; but were actually recognized as
major actions of DDT residues from the very start of DDT’s use as a public
health insecticide. In conclusion, funding agencies should formally recog-
nize behavioral actions of vectors to insecticides as a priority area for future
support.
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The Economics of Resistance

OVERVIEW

Microbes that are resistant to therapeutic agents arise and proliferate at
a rate that is far faster than is socially desirable because individuals, as well
as governments and institutions, make choices that fail to recognize the cost
that use of such agents (including their overuse and misuse) exacts on
society. Cost and choice, of course, are the coins of the realm in economics.
The focus of this session of the workshop was to examine how economics
can help in developing innovative responses to the problem of antimicrobial
resistance. Participants identified several important roles for economic
analysis.

First, economics can provide purely descriptive analysis, quantifying
the phenomena which are of interest, such as national expenditure on
health care and how much antimicrobial resistance costs individual hospi-
tals. This is the most basic level of analysis, but nonetheless important in
providing foundational information on which further analysis is based, as
well as providing information on the consequence of choices that have
already been made.

In this regard, various economic analyses indicate that antimicrobial
resistance greatly increases the cost of health care, in a variety of ways. For
example, treating individuals with alternative drugs is nearly always much
more expensive than conventional treatment with generic drugs. Also, pa-
tients infected with resistant microorganisms may require extra investiga-
tions and treatment, and for some patients a cascade of drugs will be tried
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before one is successful in eradicating the infection. The end result is longer
and more expensive hospital stays. For the United States as a whole, the
American Society for Microbiology estimated in 1995 that health care costs
associated with treatment of resistant infections amounted to more than $4
billion annually. And this figure significantly underestimates the actual cost
of resistance, since it includes only direct health care costs and excludes an
array of other costs, such as lost lives and lost workdays. Moreover, these
costs are expected to increase considerably given increasing rates of antimi-
crobial resistance.

In addition, economics can be used predictively to identify how changes
in the health care system might affect the use of antimicrobial agents—and
hence the emergence and spread of antimicrobial resistance. These analyses
make use of descriptive data, together with conceptual models, to guide
choices that are yet to be made.

Economics also can prove vital in developing specific strategies and
policies to contain antimicrobial resistance. Key among current available
strategies are regulation; charges (taxes) on the use of antimicrobials; and
rights to trade (permits, licenses, or marketable property rights), which
often are used in an attempt to combine the ease of regulation with the
flexibility and efficiency of charges. To fill this role, however, the single
biggest problem is lack of a comprehensive economic model for fully assess-
ing the impact of antimicrobial resistance, as well as the cost and effective-
ness of interventions to reduce the emergence and transmission of such
resistance. Efforts are now under way to develop such a model. And while
scientific and epidemiological development is vital, additional support also
is required to advance understanding of the economics of resistance.

WHAT DOES ECONOMICS HAVE TO OFFER IN THE WAR
AGAINST ANTIMICROBIAL RESISTANCE?

Richard D. Smith, M.Sc.

School of Medicine, Health Policy & Practice
University of East Anglia, Norwich, United Kingdom

“We may look back at the antibiotic era as just a passing phase in the
history of medicine, an era when a great natural resource was squandered,
and the bugs proved smarter than the scientists” (Cannon, 1995).

We begin the 21st century in a position of retreat against infectious
disease, with the latter half of the 20th century in danger of being consigned
to the history books as the time when a valuable new resource in this battle
was both discovered and squandered.

“Superbugs,” micro-organisms that have become resistant to the major
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therapies used to treat them, present a major threat to current and future
medical advances (Neu, 1992; Murray, 1994; Tomasz, 1994). Resistant
bacteria causing global concern include multi-drug-resistant Mycobacte-
rium tuberculosis, penicillin-resistant Streptococcus pneumoniae, and me-
thicillin-resistant Staphylococcus aureus (Neu, 1992; Tomasz, 1994; Cox et
al., 1995). The effects of antimicrobial resistance (AMR) are documented in
developed and developing nations alike, although arguably with greater
potential for harm in the developing world, where many of the second- and
third-line therapies for drug-resistant infections are unavailable, and many
of the narrow spectrum antimicrobials available in the developed world are
not affordable (Fasehun, 1999; Smith, 1999). However, despite increasing
awareness, across both the medical (Levy, 2002) and lay communities (Can-
non, 1995), of the rising prevalence of resistance, there is little evidence that
the use of antimicrobials is changing.

The potential impact of this increasing antimicrobial resistance on
health care expenditure and population morbidity and mortality is causing
professional, government, and public concern (House of Lords Select Com-
mittee on Science and Technology, 1998; Standing Medical Advisory Com-
mittee Sub-Group on Antimicrobial Resistance, 1998; American Society for
Microbiology, 1995; OTA, 1995; World Health Organization [WHO],
2001). Indeed, the United States considers the potentially destabilizing eco-
nomic and social effects of antimicrobial resistance, as well as its potential
in biological warfare, sufficient to classify antimicrobial resistance as a
national security risk (Kaldec et al., 1997; CIA, 2000; World Bank, 2001).

The Discipline of Economics “in a Nutshell”

Economics is based on the fundamental premise that our resources
(goods, services, time, raw materials, and all else that we use to make
something else) are limited compared to what we want from them (which is
virtually unlimited). On a personal level this means that one’s time and
wealth are limited compared to what we would like to be able to do.
Nationally, this also applies, with national resources limited compared to
what they could be used for. At all levels this means that choices have to be
made. As individuals we have to choose whether to have a new car or
holiday, or spend time working or playing golf. Nationally, we have to
decide whether to have more health care, more education, more defense, or
more consumer items. Economics then is fundamentally the study of choice.

However, there are other disciplines that study choice, such as psychol-
ogy and sociology, so what makes economics special? The “angle” of eco-
nomics is that choice is studied from the perspective of efficiency. That is,
that economists study choices that can be (have been) made with a view to
assessing whether the most benefit will be (was) gained from the resources
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used. What economics is fundamentally about then is quite simple: it is
about assessing ways and means by which our choices, as individuals and
nations, will lead to that allocation of resources amongst alternatives that
will yield the most overall benefit. There are broader concerns than this of
course, such as the equity of this resource allocation, but for the purposes of
this paper, this simple definition provides the most important background
to discussion.

Another important element of background to economics generally is
the empirical manner in which economists approach the study of choice.
Here there are three important categories of empirical activity, each of
which will be considered in the paper with respect to the economic analysis
of AMR.

First, economics may provide purely “descriptive” analysis, quantify-
ing the phenomena which are of interest, such as national expenditure on
health care, how much AMR costs a hospital, and so on. This is the most
basic level of analysis, but nonetheless an important one in providing foun-
dational information on which further analysis is based, as well as provid-
ing information on the consequence of choices that have already been
made.

Second, economics may be used “predictively,” identifying the impact
of a change. For example, if health care expenditure rises, what will happen
to physician income? How will user-charges for pharmaceuticals affect
their use? These analyses make use of descriptive data, together with con-
ceptual models, to guide choices that are yet to be made.

Third, economics may be used “evaluatively,” suggesting whether one
situation is “preferable,” more efficient, to another; for example, whether
national health insurance is better than private health insurance, competi-
tion between health care suppliers is more efficient or prevention is better
than cure. Here, prediction is taken further to provide an assessment of
what should be done if efficiency is to be maximized.

Economic Conceptualization of AMR

The use of antimicrobials can result in the unwanted “side effect” of
the development of resistance. Economists conceptualize this side effect as a
negative “externality” resulting from the consumption of antimicrobials. A
negative externality refers to a situation where a cost is imposed on others
not directly involved in the decision to produce or consume the commodity
causing the pollution. A classic example of a negative externality is pollu-
tion, such as acid rain.

Antimicrobial resistance is an externality associated with the consump-
tion of antimicrobials (as part of the production of health), and is a negative
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externality because it has adverse consequences for society as a whole
(Phelps, 1989).

The form of the externality may be specified as:

ER
t = f(At, X

i
t)

where ER
t is the extent of the (negative) externality in time t, At is the

quantity of antimicrobials consumed in time t, and Xi
t is a vector of other

factors (e.g., background level of resistance, population mobility, and popu-
lation density) which may determine the level of resistance in a community
(Coast et al., 1998).

However, antimicrobials also have a positive impact, not just upon
treated individuals, but also upon those individuals who would, in the
absence of antimicrobials, have been infected by the treated individual.
Thus, benefits from consumption include an improved outcome for the
patient, reduced transmission of pathogens which would lead to disease in
others, and a reduction in morbidity associated with sub-clinical infections
which would otherwise be “accidentally” treated. The latter two benefits
comprise a positive externality which results from taking antimicrobials.
The format of this externality is:

EP
t = f(At, E

R
t, X

i
t,)

where EP
t is the positive externality associated with reduced transmission

and treatment of sub-clinical infections during time t, At is the quantity of
antimicrobials used in time t, ER

t (as before) is the extent of resistance in
time t, and Xi

t is a vector of exogenous factors which might influence the
positive externality. It is important to note the presence of ER

t  in this
equation. This represents the fact that, as time progresses and resistance
increases, the positive externality associated with reduced transmission may
in itself be reduced.

Thus, the net benefit from antimicrobial usage in any period would
therefore be:

NBA
t = f(Bt, E

P
t, Ct, St, Dt, E

R
t, At, X

i
t)

where NB A
t is the net benefit resulting from antimicrobial usage in time t,

EP
t, E

R
t, At, and Xi

t are defined as previously, Bt is the direct benefit to the
patient of taking the antimicrobial, Ct is the drug plus administration cost,
St is the cost associated with side effects, and Dt represents problems caused
by difficulties in diagnosis.

There are several important implications arising from this con-
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ceptualization. First, the balance between costs and benefits, and negative
and positive externalities, means that we are not seeking the eradication of
AMR, but rather the containment of AMR to an “optimal” level. Impor-
tant here is the balance struck between securing the best interests of the
individual patient presenting with an infection, versus the global need for
sustainable antimicrobial use to ensure that benefits of these drugs are
available for others.

Second is the importance of this optimization over time. The negative
externality of AMR occurs in time t + 1 as a result of the consumption of
antimicrobials in time t. This time period may vary from days, to months,
to years, to decades. However, it is undoubtedly the case that many of the
major effects of resistance are likely to be incurred by future generations,
and policy decisions will therefore have to weigh current costs and benefits
against those occurring to future generations.

Third, there is the obvious implication that one needs to assess all the
relevant costs and benefits (direct and externality) of antimicrobial use, and
thus strategies to contain AMR, as well as other strategies not primarily
aimed at AMR, but which will impact upon AMR. For example, changes in
user charges or reimbursement systems may impact levels of AMR.

Applications of Economics to AMR

There are several areas where economics may be, or have been, applied
in the context of AMR. Most significantly, these include:

1. Assessment of the cost of AMR, by country, institution (e.g., hospi-
tal), and disease;

2. Assessment of the cost-effectiveness of strategies to contain AMR,
including new and existing antimicrobial therapies;

3. Assessment of the value of the (cost and) benefit of AMR contain-
ment over time; and

4. Development of specific economic strategies/policies to contain
AMR.

Work in these areas is summarized briefly here.

Assessment of the Cost of AMR

It is relatively easy to point to some of the likely consequences of AMR
(Smith et al., 1996). Patients infected with a resistant microorganism are
less likely than those infected with a sensitive microorganism to recover
from infection with the first antimicrobial used in treatment. Patients with
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resistant microorganisms may require extra investigations and treatment
(usually more expensive), and for some patients a cascade of antimicrobial
drugs will be tried before one is successful in eradicating the infection. This
may result in longer hospital stays and longer periods of time away from
work. Most seriously, of course, is that AMR will result in a greater likeli-
hood of premature death. However, there has been little empirical research
in this area, and estimates of the cost impact of AMR are therefore few and,
inevitably, relatively crude.

For example, estimates of the cost of AMR by country have been
largely limited to work in the United States. The American Society for
Microbiology (1995) have estimated the annual health care costs associated
with treatment of resistant infections in the United States at over $4 billion
(equivalent to approximately 0.5 percent of U.S. health care costs). More
recent estimates suggest that, for the United States, the continued rise in use
of antimicrobials has resulted in current costs of more than $7 billion
annually, with up to $4 billion used for the treatment of nosocomial infec-
tions due to AMR bacteria (John and Fishman, 1997).

Estimates by institution have also been few. For example, in the United
Kingdom in 1989 a five-week outbreak of MRSA was estimated to have
cost £12,935 (Mehtar et al., 1989), excluding the costs of additional or lost
bed days. In 1995, the cost of containing an MRSA outbreak in a district
general hospital was estimated to be greater than £400,000 (Cox et al.,
1995).

Estimates by disease are similarly limited. For example, recent work in
the area of multi-drug-resistant tuberculosis has suggested that resistance
effectively doubles the cost of standard treatment for sensitive tuberculosis,
from around $13,000 to $30,000 (Wilton et al., 2001).

However, it is likely that these costs are an underestimate of the total
current costs of resistance (as they include only health care costs) and that
such costs will increase considerably in the future. Further, although AMR
has a significant impact on current health care expenditure and health of
the population, it is the potential long-term impact that resistance, and,
specifically, failure to tackle resistance, will have which is arguably of
greatest concern.

Assessment of the Cost-Effectiveness of Strategies to Contain AMR

There are a variety of strategies which may address resistance, that may
be categorized according to two dimensions.

First, in terms of their focus—whether the strategy aims to decrease the
transmission of resistance among organisms, individuals, and the environ-
ment (e.g., hand-washing, restriction on travel) or whether it aims to pre-
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vent or reduce the emergence of resistance, largely focused upon the appro-
priate use, and reduction in the level of use, of antimicrobials (e.g., cycling
of drugs in the hospital).

Second, in terms of the level at which the strategy is focused—whether
the strategy focuses on the “micro” level of an individual institution, for
example, a “closed” environment such as a hospital, or whether it is a
“macro” strategy focused at the broader community level.

A recent systematic literature review of studies assessing the cost and/or
effectiveness of interventions specifically aimed at reducing the emergence
and transmission of AMR, found only 127 studies of moderate to good
quality, of which 68 were effectiveness studies, 10 economic evaluations, 2
cost studies, and 2 modeling studies (Smith et al., 2001; Wilton et al.,
2002). The main conclusions of this study were that most studies:

• are of poor methodological quality (i.e., at high risk of bias), which
means that we cannot be confident of their results;

• are from developed nations (principally the United States), although
this could be a function of the search strategy which was restricted to
papers published in English, or of research funding;

• do not measure the impact on AMR in terms of costs, although this
is not surprising as effectiveness studies always outnumber cost or cost-
effectiveness studies;

• are micro (institution) not macro (community) strategies, which
may be because the strategy is more “contained” and the costs and effects
are more observable, compared with the more diffuse impacts of the macro
interventions focused on the community, and also because often hospitals
and other institutions have financial incentives to try to control resistance;
and

• are concerned with transmission not emergence of AMR.

Assessment of the Value of the (Cost and) Benefit of AMR Containment
over Time

The critical problem identified above is that although (macro) policies
to contain emergence are likely to be optimal in the long term, (micro)
policies to contain transmission are more likely to be rigorously evaluated.
This is due to the problems caused by attempting to assess the costs and
benefits of something which occurs now (i.e., reduced transmission has
immediate and obvious effects) versus something which will occur in the
future (i.e., reduced emergence has effects that will not be seen until some-
time hence). This time-lag with containing emergence causes two main
problems: (i) uncertainty with respect to effects occurring in the future; and
(ii) discounting of costs and benefits in the future may result in such benefits
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being given lower weight than equivalent benefits now. This means that
there is a potential bias both against evaluating strategies aimed at emer-
gence and in the cost-effectiveness result (Coast et al., 1996; Coast et al.,
2002).

The issue of uncertainty can be addressed through the use of modeling,
but really needs improved clinical and epidemiological evidence for the
relevant relationships over time. The issue of discounting and time prefer-
ence might be dealt with either through use of a zero discount rate, or
perhaps through direct assessment of “option value.” That is, people may
be willing to trade increases in morbidity, inconvenience, and cost incurred
through reducing consumption of antimicrobials now in return for the
option to consume them in the future. That is, maintain the effectiveness of
treatment in case it is required in the future, at the expense of reduced use
now, even if they do not in practice use them. Thus there may be a value
attached to maintaining the option to benefit from antimicrobials in the
future which would not be captured by valuations of the health impacts of
different policies alone.

Development of Specific Economic Strategies/Policies to Contain AMR

The conceptualization of AMR as a negative externality allows the
consideration of economic strategies (i.e., strategies designed to change
incentive structures) developed to deal with similar instances of negative
externalities in other areas. Key among these strategies are regulation,
charges, and rights to trade. Each of these has been outlined in detail
elsewhere (Coast et al., 1998; Smith and Coast, 1998), but a summary is
provided below.

Regulation is the most obvious means of controlling the production of
a negative externality, through control of the quantity produced (Turner et
al., 1994; Hodge, 1995). However, although it is relatively easy to intro-
duce and administer, it is less efficient than policies relying on price-based
incentives, with evidence that regulation imposes considerable excess costs
over these other policies (Tietenberg, 1990). In terms of AMR, the focus
would be either on limiting the use of antimicrobials for particular types of
patients or, alternatively, limiting the total supply of antimicrobials avail-
able to doctors for prescription to their patients. Issues arising in this would
include heterogeneity of patients, enforcement (e.g., ensuring physicians
were following the explicit rules about who should, and who should not,
receive antimicrobial treatment), and cost of enforcement.

Charges, or taxes, on use of antimicrobials should, on the basis of
economic theory, provide an efficient means of containing AMR, whereby
the charge equates to the marginal external cost imposed. However, in
practice, this is difficult to achieve because government would need infor-
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mation about this marginal external cost (Pearce and Turner, 1990). Appli-
cation of charges on the basis of levels of AMR would almost certainly be
impractical, and would be more likely to be levied on the consumption of
antimicrobials, as a proxy for the generation of AMR. These products are
easily identifiable, and the application of a charge relating to each antimi-
crobial would be relatively simple. The key issue then is who will pay this
charge—the patient, the prescriber, or the manufacturer? In each case there
would be implications for the effectiveness of the policy and equity of
impact of any system of charges.

Rights to trade (permits, licenses, or marketable property rights) are
used to try to combine the ease of regulation and flexibility and efficiency of
charges. Here the total quantity is limited, but each consumer/producer
may utilize any quantity up to that limit through the trade of that limited
quantity. Thus, it uses regulation to set the overall level, and then the price
mechanism to distribute that total most efficiently. This is a common
method in the environment, such as for trading sulfur dioxide pollution
(Winebrake et al., 1995) or fishery quotas (Turner et al., 1994), and has
been proposed in the area of AMR (Smith and Coast, 1998).

What Does Economics Have to Offer in the War Against AMR?

As alluded to in this short paper, economics as a discipline has much to
offer under three broad classifications.

Conceptualization of Problem

The economic conceptualization of AMR as a negative externality was
highlighted. By concentrating upon efficiency—maximizing benefits for
given resources—economists seek to determine the optimal rate at which
resistance should be allowed to develop, balancing the costs and benefits of
antimicrobial usage over time. This approach stresses, first, the importance
of optimization and balance in the use of antimicrobial products, and thus
in the level of AMR which exists, rather than eradication of AMR, and,
second, the importance of this optimization and balance being one to be
struck over time: that the balance is really against the (costs and benefits of)
use of antimicrobial treatments now and their continued availability for use
in the future.

Informing the policy options for the containment of AMR will thus
require information relevant to these issues. The assessment of costs and
benefits is discussed below, but the assessment of balance over time re-
quires information about the development of new and/or alternative prod-
ucts to those currently being used, which is largely outside the sphere of
economics, but also the perceptions of the public on their willingness to
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trade current use and future availability. This is important, as it is the
public who will be asked to forego some beneficial treatment if we are to
constrain use of these treatments. There is much work to be done, there-
fore, on the assessment of “time preference” and discount rates used in
economic analysis.

Technical Analysis

Economics can also assist with the development of an explicit basis for
policy, through not only assessment of time preference rates, but also as-
sessment of costs and benefits, and use of modeling to analyze the impact of
a variety of policy options across various time periods.

A comprehensive economic model enabling assessment of the potential
cost and impact of AMR containment strategies, and interventions upon
antimicrobial use and AMR, is vital to the long-term management of anti-
microbial use in two ways. First, it will enable estimates of the costs of
resistance to be incorporated into economic evaluations of new antimicro-
bials, or other interventions, affecting AMR. In the absence of such infor-
mation, current economic evaluations are mis-specifying the true cost of
antimicrobial usage. Second, a model assessing the optimal use of antimi-
crobial drugs is essential for evaluating viable policy alternatives and priori-
tizing resource allocation between them.

However, the single biggest problem faced in the assessment of the
economic impact of AMR, and the assessment of the cost and effectiveness
of interventions to reduce the emergence and transmission of AMR, is the
lack of a coherent and comprehensive economic model of AMR, although,
together with colleagues, the author is currently seeking to develop one.

Strategies

Medical literature and research tends to focus on physical methods of
reducing the transmission or emergence of resistance, such as through im-
proved hygiene (for example, hand washing) or the cycling of antimicrobial
treatments. Within economics, the focus tends to be upon developing policy
responses which “internalize” the externality of resistance. In relation to
antimicrobial resistance, this would mean, for example, providing incen-
tives for consumers, prescribers, and/or producers to take account of the
possible “externality” costs of the consumption of antimicrobials to soci-
ety. Although work in this area has, to date, been relatively limited, there
has been some discussion of policy instruments such as taxation and trans-
ferable permit markets, and a more extensive assessment of how such a
permits system might operate in the United Kingdom (Smith and Coast,
1998).
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A further consideration is the containment of AMR, on a global level,
and the increasing interconnectedness of AMR meaning that no one coun-
try is likely to provide an effective policy response without considering the
actions of neighboring countries. This has been considered from an eco-
nomics perspective both within the “WHO Global Strategy for the Con-
tainment of AMR,” and more specifically with respect to the concept of
“Global Public Goods” for health (Smith and Coast, 2001; 2002; in press).

Conclusion

Although further developments are undoubtedly required, economics
can assist in clarifying the basis for policy development, can identify and
develop policy options and, through the assessment of the cost and benefits
of alternative options, can help to recognize optimal policy solutions. Al-
though scientific and epidemiological development is vital, support is also
required for development of the economics of resistance.

ECONOMIC INSTRUMENTS FOR THE CONTROL OF
ANTIMICROBIAL RESISTANCE

William Jack, D.Phil.

Department of Economics, Georgetown University, Washington, DC

The mechanisms that govern the evolution of resistance of pathogens
are subtle and complicated, depending on the individual- and population-
level characteristics of the organisms and the interventions. These mecha-
nisms can be studied, understood, and hopefully improved through scien-
tific analysis. There is widespread agreement however, that a further
determinant of the evolution of resistance is the behavior of the human
host. Microeconomics—the study of the way people choose amongst alter-
natives—can provide a vehicle for understanding the behavior of people in
disease environments, and hopefully (again) lead to suitable interventions
to help control resistance.

A first question that can be posed is what outcome, in terms of drug
resistance, is desired in a particular circumstance. Using economic lan-
guage, it is possible to think of an existing drug as a capital asset—one that
provides a flow of services over time, like a machine. Machines tend to run
down as they are used more, and if they are used unwisely. Of course, one
way of keeping a machine in good condition is to leave it unused. The
extent to which one would want to allow depreciation of the physical asset
depends crucially on how easy it is to replace it, or to innovate and make a
better one.
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Similarly, drugs can become less effective as they are used more, and if
they are used unwisely. And drug resistance can be halted by discontinuing
all drug therapy. Where to make the trade-off depends, as with a capital
asset, on how easy it is to replace the drug, and on how likely a more
effective intervention is to become available.

This qualitative similarity between physical equipment and drugs can
help rationalize public interventions aimed at affecting drug use. The un-
derlying reason that there is a potential role for government aimed at
controlling drug use is that, while we expect individuals to have appropri-
ate incentives to “wisely use” their physical assets, there are reasons to
expect them to (rationally) overuse drug therapies. The simple reason is
that the costs of overuse by one person are borne by all other individuals
who might one day need the drug, while the costs of running a machine into
the ground are borne primarily by the owner of that machine. Another way
of saying this is that an effective drug has some of the characteristics of
what economists call a public good, incentives for the maintenance of
which might be attenuated at the individual level.

Societies respond to public good problems by sometimes agreeing to
limit the use of a resource. Thus, numerous international agreements con-
cerning, for example, fisheries, aim to limit the amount each nation will
exploit a reserve, given that individually rational behavior would lead to
depletion that is too rapid. Economists also like to rely on the price mecha-
nism (as opposed to quotas) to implement such contractions in use, for
example by levying a tax on use. In international settings, deciding which
body collects (and keeps) the revenue from such taxes is politically dicey,
and quotas are often employed instead.1

When dealing with a large population of individuals using drugs, the
price mechanism seems to have important advantages over quotas. For one
thing, many individuals will not need to use the drug, so allocating a fixed
number of units to them, and the same number to an individual in dire
need, is inefficient. On the other hand, trying to pick the right number to
allocate to each person as a function of his/her health status could quickly
become hopelessly complicated. “Getting the price right” is a potentially
more fruitful approach.

That, at least, is the theory. The problem with this story is that it
assumes that resistance is caused simply by overuse. However, there are
two margins on which decisions are made by individuals (and their doctors)
regarding drug use: the number of treatments (e.g., the number of prescrip-
tions filled), and the extent to which the treatment is completed. In richer

1For a formal model of the trade-off between using prices and quotas, see Weitzman
(1974).
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countries, drug resistance is blamed in part on excessive prescribing behav-
ior, but in poorer parts of the world, incomplete treatment and/or inappro-
priate self-medication with readily available, cheap, but often ineffective
generic old-line therapies is often identified as the culprit.

Decisions on both of these margins could be controlled if it were pos-
sible to charge a certain price for a prescription, and a separate price for use
of the drug. Other things being equal, we would want to set the first price
on the high side, so as to reduce the number of prescriptions, and the
second price on the low side, so as to encourage completion of the course.
However, if only a single price instrument is available (e.g., the prescription
charge), then raising it will tend to reduce both the number of prescriptions
(which is good for controlling use and resistance), and the likelihood that
an individual will complete a course (which is bad for controlling resis-
tance). The reason that increasing the prescription price may reduce comple-
tion rates is that individuals who expect to contract the illness again will
have an incentive to save some of the medication as a contingency against
such an event. The higher the price of getting a new prescription in the
future, the greater this incentive will be.

The net effect of a price increase on resistance is thus ambiguous.
Indeed, it is possible that reducing the prescription charge could reduce the
rate at which the drug became ineffective. If the two effects happen to offset
each other exactly, the optimum tax would be zero. That is, it might be best
to leave the price unchanged.

The impact of prescription charges on completion rates is likely to be
more prevalent in environments where the likelihood of reinfection is higher,
and for drugs that are more easily storable. One interesting implication of
this is that it might be desirable to design therapies that depreciate quickly
once a course is begun, thus lowering the value of saving some of the
medication for future use. The trouble with such a policy is that it might
also reduce the shelf-life of the drug before treatment, thus making it diffi-
cult for clinics and hospitals to manage their pharmaceutical stocks. These
concerns would seem to be particularly relevant in developing countries,
where, also, the chance of reinfection is typically higher.

Instead of relying on price instruments alone, WHO has addressed the
problem of incomplete treatment of tuberculosis by developing and advo-
cating the use of the DOTS (directly observed treatment [short course])
protocol. Individuals are induced to complete the course of medication not
by being charged a low price per pill (conditional on obtaining a prescrip-
tion), but by being directly monitored and encouraged by an outside agent.
This kind of intervention is expensive, however, in terms of the labor costs
incurred by the monitoring agent.

Finally, the issue of equity must be addressed in the context of contem-
plating price increases. To a first approximation, in order to correct a
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market imperfection associated with overuse, the same price increase should
apply to all individuals, simply because it is aggregate use that affects
resistance and needs to be controlled, not use by say the rich or the poor.2

Policies that relate charges to income exist in other cases however: for
example, in some countries (e.g., Sweden), speeding tickets, which presum-
ably are meant to reduce the amount of speeding, are sometimes propor-
tional to an individual’s income.3

This prescription of uniform pricing is appropriate either if the distri-
bution of income and well-being in society is of little concern to policy
makers, or if that distribution can be improved through direct income
transfers and other poverty alleviation programs. The institutional capacity
to implement such transfers and programs in poor countries may be suffi-
ciently weak however, that exempting the poor from higher prices may be
attractive. Of course, such an exemption policy in itself will require a level
of institutional capacity and targeting capability that may be beyond the
reach of some countries. Applying different taxes to drug sales in urban and
rural areas might represent a very blunt instrument to effect an appropriate
targeting policy, but the possibility of resale and trade between rural and
urban centers would weaken the implementability of such a scheme.

ECONOMIC RESPONSES TO THE
PROBLEM OF DRUG RESISTANCE

Ramanan Laxminarayan, Ph.D., M.P.H.*

Resources for the Future, Washington, DC

The increasing resistance of bacteria to antibiotics is a consequence of
selection pressure placed by the use of antibiotics on susceptible organisms
to the benefit of resistant organisms. Addressed as a behavioral problem,
resistance is, at least in part, a consequence of missing economic incentives.
Resistant bacteria arise and proliferate at a rate faster than is socially
desirable because individuals fail to recognize the cost imposed by their use

2This argument might need to be adjusted when resistance follows a spatial pattern, and
when the rich and the poor tend to live in separate areas. However, the tax is related to
income in such cases only because of the correlation between the size of the distortion and
income, not because income per se determines the appropriate price increase.

3Although this may appear efficient (because it takes a higher fine to stop a rich person
speeding than to stop a poor person), if the objective is to reduce total speeding, and not any
particular person’s, it would be better to levy a fee independent of income.

*This paper is based on Laxminarayan, 2002, where the interested reader will find a more
complete discussion and references.
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or misuse of antibiotics on the rest of society. For this reason, economists
are often asked what they bring to the table in terms of innovative re-
sponses to the problem of resistance. Broadly speaking, there are two fronts
along which we can consider strategies to counter drug resistance, and
economics can help on both. First, we can manage our existing arsenal of
drugs and antibiotics carefully so as to maximize the value derived from
their use by intervening on the demand side of the antibiotics market.
Second, we can develop (or encourage the development of) new drugs and
pesticides that could replace old products that resistance has rendered inef-
fective by intervening on the supply side.4

On the demand side, measures to encourage more efficient antibiotic
use include both price and non-price measures. Price measures involve
increasing the cost of antibiotics for patients to discourage their use. Non-
price measures include patient counseling on the societal effects of antibi-
otic use, physician education, and so forth. These could also include mea-
sures to encourage the use of an economically efficient variety of drugs.

On the supply side, measures to address the resistance problem would
include incentives that not only encourage drug firms to develop new anti-
biotics, but also give them a greater incentive to care about the impact of
drug resistance. We discuss each of these measures in turn.

Intervening on the Demand Side

Price Measures

The most reliable axiom in economics is that as the price of any com-
modity goes up, the quantity of that commodity that people will consume
declines, all else being equal. Therefore, if our objective is to reduce the use
of antibiotics, then the most reliable way of doing so without second-
guessing physicians’ decision-making is by raising the cost of using antibiot-
ics to the patient. One solution might be to impose a tax on antibiotics.
However, a tax may be undesirable for two reasons. First, a tax may not
discourage antibiotic use if insurance coverage shields many patients from
drug costs and physicians are relatively insensitive to these costs. Second,
the burden of a tax may be disproportionately borne by poorer patients

4These two strategies are linked in a very intricate way. Our efforts to better manage
resistance to existing products could reduce the returns to investment in new products. So,
paradoxically, the evolution of resistance may create a demand for new products, which in
turn leads to greater investment in research and development. Conversely, the greater avail-
ability of new products may increase variety of products that we have available and this may
help us make better use of existing products.
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who are less likely to have health insurance to cover the cost of antibiotic
prescriptions.

A logical alternative would be to mandate an increase in the extent of
cost-sharing for antibiotics. This could be accomplished by increasing co-
payments for antibiotic prescriptions for certain conditions where a regula-
tory or scientific body believes that antibiotics are overprescribed (such as
for the treatment of ear infections).5  Such a measure would not hurt the
majority of economically disadvantaged patients who currently lack pre-
scription drug coverage, but would effectively tax antibiotic use. Figure 4-1
shows how an increase in the cost-share borne by patients would decrease
the quantity of antibiotics consumed from Q1 to Q2.

Empirical evidence on the effect of cost-sharing on antibiotic use is
limited but consistent. For instance, a large randomized study conducted in
1985 showed that people who received free medical care used 85 percent
more antibiotics than those required to pay for at least some portion of
their medical care (Foxman et al., 1987). However, the same study found
that cost-sharing was likely to equally reduce both appropriate as well as
inappropriate antibiotic use.

To be sure, a price-based policy intervention is a blunt instrument, and
may, in some instances, discourage the use of antibiotics even when their
use is justified. However, targeted cost-sharing efforts aimed at certain
diagnoses may be preferable to an across-the-board increase in mandatory
cost-sharing for all antibiotics. Increased cost-sharing for antibiotics, or
other methods of raising the cost of antibiotics to the patient may not be
popular. However, short of direct case-by-case oversight of antibiotic pre-
scriptions, there are few other alternative strategies that can effectively
lower antibiotic use. Policy makers in the antibiotic resistance arena would
do well to learn from the use of tobacco taxes in the United States. The
tremendous success of higher tobacco taxes on lowering smoking in this
and other countries is self-evident.

Non-Price Measures

While price measures could be effective in lowering antibiotic use, their
effectiveness may be enhanced when used in combination with non-price
measures as part of an overall strategy to fight resistance. Increasing patient
awareness of the drawbacks of antibiotic use and improving physician
education could promote judicious antibiotic use; much has been written

5Some economists have proposed tradable permits for resistance that would work in much
the same way as tradable permits for pollution.  While these may be economically efficient,
they may be difficult to implement in a largely private health care system such as the one in
the United States.

Copyright © National Academy of Sciences. All rights reserved.

The Resistance Phenomenon in Microbes and Infectious Disease Vectors:  Implications for Human Health and Strategies for Containment -- Workshop Summary
http://www.nap.edu/catalog/10651.html

http://www.nap.edu/catalog/10651.html


124 THE RESISTANCE PHENOMENON

6This level of market concentration is remarkable considering the $240 million market for
antibiotics for this condition alone.

about these interventions and therefore these topics are not covered in this
paper. Non-price measures could also include other innovative strategies,
such as increasing treatment heterogeneity, that have received relatively less
attention from the public health and medical communities. Treatment het-
erogeneity refers to the policy option of treating different patients afflicted
with the same disease with antibiotics that have unrelated modes of action.

The rationale for treatment heterogeneity follows from the notion that
the likelihood that bacteria will develop resistance to any single antibiotic
can be reduced by treating fewer patients with that antibiotic. This is
achieved by using a larger variety of antibiotics (Laxminarayan and
Weitzman, 2002). Variety reduces the selection pressure for resistance to
evolve to any single drug class. However, one is struck by the degree of
homogeneity in antibiotic treatment, a fact that is attributable to industry
concentration, uniform treatment guidelines, and to some extent, emphasis
on providing the safest, and most cost-effective treatment to all patients.
For instance, in 1997, nearly 60 percent of all cases of acute otitis media in
the United States were treated with amoxicillin (Laxminarayan et al.,
1998).6  In fact, an earlier study found that in 1992, amoxicillin accounted

QUANTITY OF ANTIBIOTICS
CONSUMEDQ1

PRICE OF
ANTIBIOTICS

COST BORNE BY
INSURANCE 80%

COST BORNE BY
PATIENT 20%

Marginal
Cost

Demand for
antibiotics

Higher level of cost-
share

Q2

Decline in antibiotic
use

FIGURE 4-1 Increasing share of costs borne by patients decreases the quantity of
antibiotics consumed from Q1 to Q2.
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for 39 percent of all antibiotics prescribed in the United States, and the five
most commonly used antibiotics accounted for 80 percent of all antibiotics
prescribed (McCaig and Hughes, 1995). The degree of treatment unifor-
mity is even more striking in infectious disease treatment in the developing
world. In most African countries, chloroquine has been the most commonly
used drug to treat malaria for more than five decades.

To the extent that most patients in a region or country are treated with
the same drug for a given infectious disease, the use of a single drug places
excessively high selection pressure on organisms that are susceptible to that
particular drug and increases the likelihood that a resistant strain will
evolve and proliferate. As resistance to the recommended first-line drug
builds up, that drug is replaced by an alternative that is used until resistance
to this second drug also increases, and so on in succession. Therefore, the
optimal solution may be to use not just a single drug throughout the popu-
lation as first-line agent, but to prescribe a variety of drugs, randomized
over patients, to ensure that inordinate selection pressure is not placed on
any single drug, or class of drugs.

The notion that there is a single cost-effective treatment for an infec-
tious disease fails to consider the effect of homogenous drug use on the
evolution of resistance. Consequently, the standard cost-effectiveness
method may lead to flawed conclusions in the case of drugs such as antibi-
otics and anti-malarials since it has no way of capturing the notion that
using the same drug on all patients may be undesirable from a societal
perspective. Encouraging treatment heterogeneity may not require any spe-
cific policy beyond issuing treatment guidelines that recognize this aspect of
infectious disease treatment. There may be sufficient heterogeneity in physi-
cians’ preferences and patients’ willingness to pay that will bring about
sufficient variation in drug choice. However, treatment heterogeneity nec-
essarily requires the availability of a variety of drugs, and this may require
regulatory intervention.

Supply Side

While increasing treatment heterogeneity and lowering the demand for
unnecessary antibiotics through both price and non-price measures com-
prise one side of the solution, the other side deals with increasing incentives
for pharmaceutical firms to increase research spending on new antibiotics
as well as to care about resistance to existing drugs.

The fundamental policy objective is not just to increase incentives for
firms to develop and introduce any new antibiotics, but to specifically
develop new products or classes of antibiotics that are significantly differ-
ent from existing ones in their mechanisms of action. This minimizes the
common property problem that arises when different firms make products
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with similar modes of action and, consequently, no single firm has suffi-
cient incentive to care about declining product effectiveness. If one were to
use the analogy of thinking about product effectiveness as a resource, like
oil for instance, then an optimal policy would encourage drug firms to
search for new “wells” of effectiveness against bacteria, rather than to drill
new wells to extract existing reserves, thereby competing with other pro-
ducers. Given this latter criterion, standard policy solutions such as re-
search investment tax credits, and longer-duration patents may not solve
the problem of incentives.

One policy option that may address this problem is to extend patent
breadth (or scope) for antibiotics as a way of encouraging innovation. To
be sure, this is a more difficult policy to implement. While patent lengths
can be easily extended by legislative action or administrative fiat, patent
breadths are more difficult to change. Patent offices are reluctant to alter
the rules that guide their decisions. However, one might argue that there are
few, if any, innovations that are in need of such alterations to patent
breadth. Under this proposed policy, the scope of antibiotics patents could
be increased so they cover an entire class of compounds and preempt “me
too” antibiotics that increase competition for the same mechanism of ac-
tion. This may be a good idea for three reasons.

First, increasing patent scope gives firms an incentive to care about the
evolution of resistance since the firm owning the patent would have nearly
complete control over the stock of effectiveness. The common property
problem arises with antibiotics because different firms sell similar antibiot-
ics with similar modes of action, and no firm bears the full resistance cost of
its production decisions. Indeed, the quantity of antibiotics sold is only one
factor, albeit an important one, that influences the growth of resistance. For
instance, the care that a drug firm might take in selecting the indications
that an antibiotic will be marketed for can play an important role in influ-
encing the growth in resistance. These and other strategies to reduce resis-
tance are more likely to be employed by a firm if it has a broader patent on
the antibiotic, and is likely to reap the benefits of sustained effectiveness to
a greater extent.

Second, increasing breadth would dramatically increase the returns
from investing in new compounds rather than just tinkering with existing
compounds. The returns from new discoveries would dramatically increase
since the innovator will have broad rights over the newly innovated class of
antibiotics rather than just the narrow chemical entity. The third reason for
increasing patent breadth is that we attain the basic objective of focusing
new drug research on increasing the variety of modes of action of antibiot-
ics. Variety has social value that is not fully compensated for in the current
market for antibiotics, and increasing patent breadths would encourage
variety (Ellison and Hellerstein, 1999).
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There are drawbacks of broader patent scope for antibiotics that would
need to be considered as well. First, increasing the allowable breadth of
antibiotics patents increases the social welfare costs associated with greater
imperfect competition. Second, broader patents may discourage potentially
valuable innovations such as new drugs that are closely related to existing
antibiotics, but which are easier to administer and have fewer side-effects.
These drawbacks should be addressed by other policies where possible, and
balanced against the benefits of broader patents.

Recommendations

• The problem of reducing inappropriate antibiotic use calls for a
combination of price and non-price measures. The appropriate mix will
have to be tailored to the particular cultural and medical context. Patient
and physician education, better surveillance data, increasing antibiotic het-
erogeneity, providing warning labels on antibiotics are all part of the policy
response mix. However, they are likely to be ineffective without a compel-
ling economic incentive for patients and physicians to face the cost they
impose on the rest of society in the form of resistance when they use or
misuse antibiotics.

• While lowering the demand for antibiotics is one part of the solu-
tion, further research should also look at incentives faced by pharmaceuti-
cal firms with respect to research and development expenditure on new
classes of antibiotics, as well as resistance to existing products.
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5

Factors Contributing to the
Emergence of Resistance

OVERVIEW

Although microbial resistance results primarily as a consequence of
selection pressure placed on susceptible microbes by the use of therapeutic
agents, a variety of social and administrative factors also contribute to the
emergence and spread of resistance. The focus of this session of the work-
shop was to examine these factors and to describe potential ways to mini-
mize their role in promoting antimicrobial resistance.

In the United States and other developed countries, one leading factor is
the over-prescription by physicians of antimicrobials, particularly antibiot-
ics, even in the absence of appropriate indications. Such inappropriate
physician practices are often fostered by diagnostic uncertainty, lack of
opportunity for patient follow-up, lack of knowledge regarding optimal
therapies, and patient demand. In many developing countries, problems
typically arise because antimicrobial agents are readily available and can be
purchased as a commodity without the advice or prescription of a physician
or other trained health care provider.

Some common types of human behavior also play a role in promoting
resistance. Of particular importance, for example, are patient self-medica-
tion and noncompliance with recommended treatments. Noncompliance
occurs when individuals forget to take medication, prematurely discontinue
the medication as they begin to feel better, or cannot afford a full course of
therapy. Self-medication almost always involves unnecessary, inadequate,
and ill-timed dosing. In some countries, problems of noncompliance and
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self-medication are magnified because significant amounts of the available
antimicrobials are poorly manufactured, counterfeit, or have exceeded their
effective lifetimes.

Various practices common in hospitals contribute to the resistance
problem as well. Indeed, hospitals are especially fertile grounds for breed-
ing resistant microbes. They deal regularly with large numbers of patients
(many with suppressed immune systems) in relatively close proximity to
each other, and they frequently treat their patients with intensive and pro-
longed antimicrobial therapy. Large hospitals and teaching hospitals gener-
ally experience more problems with drug-resistant microbes, probably be-
cause they treat greater numbers of the sickest patients and those at highest
risk of becoming infected. Transmission of drug-resistant organisms among
patients may be airborne, from a point source (such as contaminated equip-
ment), or by direct or indirect contact with a contaminated environment or
the contaminated hands of staff. Failure of health care workers to practice
simple control measures (e.g., hand washing and changing gloves after
examining a patient) is a leading contributor to the spread of infection in
hospitals.

Hospitals typically rely on two major forms of intervention to minimize
resistance problems. One approach involves limiting antimicrobial use as
much as possible; the other involves implementing intensive infection-con-
trol programs. Important components of these programs include surveil-
lance; outbreak investigation and control; sterilization and disinfection of
equipment; and implementation of such patient-care practices as hand-
washing, isolation, and barriers between infected patients.

Although much is known about how hospitals can minimize the spread
of infection, research is still needed to fill some important gaps in knowl-
edge. One need is for development of rapid, reliable diagnostic methods for
identifying the presence of infection, the specific infecting organism, and
the susceptibility of the microbe to various therapeutic agents. Diagnostic
precision is the key to effectively modifying the current approach of wide-
spread empiric antimicrobial use in ill patients with suspected infections. A
further need is to develop materials for use in medical devices, such as
catheters, that are resistant to colonization by microorganisms. In addition,
continuing development of new antimicrobial agents remains a priority.

Another factor that is widely believed to contribute to resistance prob-
lems is the use of various antimicrobial agents in animals raised commer-
cially for food, such as poultry, pigs, and cows. Participants debated just
what contribution such agricultural use makes to the spread of antimicro-
bial resistance among human pathogens. While some participants main-
tained that the problem is minimal and being effectively managed by vari-
ous public and private programs, others described a greater level of risk.
They expressed concern that use of antimicrobials in animals, either for
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therapeutic use or to promote growth, can lead to the development of drug-
resistant microbes (largely bacteria, such as salmonella and campylobacter)
that subsequently are transmitted to humans, usually through food prod-
ucts.

In response to the workshop presentation, “The Use of Antimicrobials
in Food-Producing Animals,” a paper was prepared to address the public
health consequences of antimicrobials in agriculture and can be found in
Appendix A.

ANTIBIOTIC USE AND RESISTANCE IN
DEVELOPING COUNTRIES

Iruka N. Okeke, Ph.D.

Department of Biology, Haverford College, Haverford, PA

“The ways and means for putting medicine in order must take account of
the conditions of life and work among the people whom it must serve.”
Walton H. Hamilton, 1932

Antimicrobial resistance adversely affects the outcome of community-
and hospital-acquired infections in developing countries. For example, mor-
tality in recent cholera and dysentery epidemics has been significantly in-
creased by antibiotic resistance (Goma Epidemiology Group, 1995;
Sengupta et al., 2000; Okeke et al., 2001). Other cases in point include
tuberculosis, respiratory tract infections, infectious diarrhea, sexually trans-
mitted diseases, and malaria. These conditions account for most of the
illness in the developing world. In these countries, the infectious disease
burden is typically high, whereas the options available to prescribers are
few—often limited to older, cheaper, and non-patent protected drugs. Stud-
ies that have monitored resistance rates over time have documented a rising
prevalence of resistance to these commonly used antimicrobials (see Figure
5-1) (Hoge et al., 1998; Okeke et al., 2000; Hsueh et al., 2002). Drugs that
have been rendered ineffective or for which there are serious concerns
include the broad-spectrum antibacterials tetracycline, ampicillin,
trimethoprim-sulfamethoxazole chloramphenicol and streptomycin, anti-
tuberculosis drugs as well as the antimalarial chloroquine. Resistance to
these drugs has promoted an upsurge in the use of previously second-line,
more expensive agents that are, in many cases, agents of last resort. The
fluoroquinolones and sulfadoxine-pyrimethamine are two such examples,
and with both, an upward trend in the proportion of resistant strains has
already been identified (Okeke et al., 2000; Winstanley, 2001; Mwansa et
al., 2002). Although there are other agents, currently in routine use in
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FIGURE 5-1 Trends in the proportion of Escherichia coli from healthy subjects
resistant to three or more and six or more of seven antibacterial drugs. SOURCE:
Okeke et al., 2000.
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industrialized countries, the cost of these precludes their use by poor pa-
tients in the developing world. The extent and determinants of microbial
resistance vary considerably from one geographic area to another but the
current globalization trend means that the consequences transcend geo-
graphical borders (Okeke and Edelman, 2001). In some developing coun-
tries, unprescribed antibiotic use is relatively uncommon so that antibiotic
use and resistance patterns may mirror what is seen in the industrialized
world (O’Connor et al., 2001). In others, regulations that would encourage
appropriate antibiotic use are in place but the infrastructure or the will to
enforce them is not (Djimde et al., 1998; Chuc and Tomson, 1999; Okeke
et al., 1999; Chatterjee, 2001; Siringi, 2001). Although there are many
generalizations in this report, it must be emphasized that it is impossible to
paint a picture of the current situation or draw a model for intervention
that would fit every developing country. Examples are taken from different
countries, but the principal focus here is on sub-Saharan Africa where the
burden of infectious disease is highest and antibiotic use is commonly un-
der-regulated (Djimde et al., 1998; Siringi, 2001).

Emergence of Resistance

Studies conducted in industrialized countries have correlated antibiotic
consumption with the prevalence of antibiotic resistance. Per capita expen-
diture on antibiotics is lower in developing countries in spite of a greater
burden of infectious disease, and microbial resistance is often highly preva-
lent. Some of the reasons for this are that cheaper agents are used, agricul-
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tural and veterinary consumption is often lower, and alternative (or no)
therapy is common. However, a significant reason for high selection pres-
sure in the face of modest antimicrobial expenditure is inappropriate antibi-
otic use.

Antibiotic Prescription by Health Professionals

Some of the types of antibiotic misuse in clinical practice include unjus-
tified prescription (in such conditions as diarrhea and the common cold),
under-prescription (for example, in urinary tract infections and sexually
transmitted diseases), under-dosing, and short duration (Calva, 1996;
Nizami et al., 1996; Paredes et al., 1996; Bartoloni et al., 1998). Antimicro-
bial prescription in many developing countries is almost entirely empirical
and based on surveillance data obtained from locations or at a time that it
is unlikely to be relevant to the ensuing situation. Broad-spectrum agents
are frequently employed because susceptibility data is unavailable. In addi-
tion, the rising number of HIV-positive people increases selective pressure
for resistant organisms by increasing the need for prophylactic and curative
antimicrobial use.

As in industrialized countries, prescribers are subjected to pressure
from patients (Paredes et al., 1996). In addition, health professionals rarely
have the opportunity to review cases and are often dealing with life-threat-
ening disease. Hence, antibiotics are often prescribed when unnecessary.
Advocates of appropriate antibiotic use advise the prescriber to weigh the
benefits to the individual against the risk to public health. This presents a
dilemma even to those health professionals that are aware of the long-term
consequences of antibiotic abuse. This is because many of the benefits to
the individual actually impact public health. For example, the untreated, or
improperly treated, but surviving, patient serves as a reservoir of resistant
pathogens. Secondly, treatment failures in health centers will lead to low-
ered confidence by patients and consequent upsurge of visits to unorthodox
practitioners, encouraging unsanctioned antibiotic distribution. Since health
professionals frequently have only one opportunity to administer therapy,
there is the inclination to use broad-spectrum therapy to increase the chances
of successful treatment. These factors serve to dissuade health professionals
who are aware of the consequences of inappropriate antimicrobial use from
putting their knowledge into practice (Larsson et al., 2000). The dilemmas
faced by prescribers are further complicated by the practices of patients in
developing countries, who are more likely to fail to complete a prescribed
course of antibiotics or to admit to reserving part of it for future use (Calva,
1996; Pechere, 2001).
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Multiplicity of Sources

Patients in many developing countries will often seek care for the same
ailment from multiple sources, a practice that prevents follow-up and con-
fuses case history (Needham et al., 2001). This is a function of the wide
variety of sources for antimicrobial drugs and the fact that many of these
sources will dispense antibiotics without prescription (Chuc and Tomson,
1999; Wachter et al., 1999). Djimde et al. classified the sources of
antimalarials in Malian villages as including sanctioned (physicians, phar-
macists, nurses, pharmacy sellers, and midwives) and unsanctioned (stall
keepers, itinerant vendors, and tradesmen dealing in clothing, confectionary,
cosmetics, and motorcycle parts) (Djimde et al., 1998). The situation is
similar in many other developing countries, and pharmacy premises, al-
though sanctioned, often serve as an outlet for unprescribed antibiotics
because of the competitive pressure from unsanctioned providers (Chuc
and Tomson, 1999; Okeke et al., 1999). Unsanctioned providers tend to
have shabbier premises and a smaller range of medicines but they flourish
because they are often cheaper due to lower overheads. They are more
accessible to the majority of the population than doctors and nurses and
will accept a non-physiologic cause of disease. Unfortunately, they may
supply poor quality medicines (but these are often dispensed by sanctioned
providers) and could serve as an outlet for illicitly sourced drugs. As they
often lack basic training on drug handling, they are often unaware or
incapable of storing their wares appropriately. They have been known to
ignore or are unaware of expiry dates and to mix batches, brands, and even
different drugs. They also have limited (if any) clinical training and there-
fore offer diagnosis and prescription that may be incorrect (Wachter et al.,
1999). Antibiotic choice is based on experience, folklore, or customer pref-
erence usually in complete disregard of the long-term consequences of anti-
biotic misuse. These providers supply antimicrobials to a varied but signifi-
cant proportion of the populaces they serve. They are therefore a crucial
target group for optimizing antibiotic use. Antibiotic policies directed at
medical services alone will only affect a minority of treatments when
unsanctioned persons are major providers. It is however difficult to inte-
grate unsanctioned providers into official policies because they are often
technically illegal.

Another category of health providers that must be taken into account is
the traditional medicine practitioners. In a Malian study 23 percent of rural
antimalarial consumers preferred herbs or traditional medicines (Djimde et
al., 1998). Indeed, many herbal remedies have demonstrated some antimi-
crobial activity in vitro, and traditional medicine represents a potential
alternative to antibiotic therapy, which could reduce selective pressure to
orthodox antibiotics. To date, very few of these natural products have been
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subjected to scientific or clinical evaluation. The majority remain
unevaluated and recipes are often held as family secrets akin to a trade
secret (Sofowora, 1982). Traditional practitioners receive years or decades
of apprenticeship in traditional medicine and herbs but have no training in
Western clinical methods. Importantly, one traditional practitioner recently
admitted adulterating his concoctions with antibiotics, and the extent to
which this practice occurs is not known (Okeke et al., 1999). If traditional
practitioners are using Western medicines, there is a need to ensure that
they receive appropriate training in diagnosis, treatment, and undesirable
effects, including antibiotic resistance.

In some developing countries, patients prefer to seek care from sanc-
tioned providers, even though it is available from other sources (O’Connor
et al., 2001). In many other countries, unsanctioned and traditional provid-
ers are more commonly frequented by the unwell. We have sought to iden-
tify reasons why patients seek care from unorthodox sources. In a study
designed to determine the health-seeking practices of educated Nigerians, a
cohort of university undergraduates was followed for one year. The stu-
dents were all entitled to free medical care provided by physicians at the
University Health Center and drug supply from an attached pharmacy.
Within the year, of 43 students who had diarrhea, only 16 percent sought
treatment at the health center. Twelve percent did not seek treatment at all
but 72 percent resorted to self-medication, at their own expense, even
though they could obtain medical care at no cost. Furthermore, 80 percent
of the self-medicators took at least one antibacterial medicine and 45 per-
cent took more than one antimicrobial (see Table 5-1). Clearly, factors
other than cost and health care availability influence antibiotic misuse.
Another relatively affluent population we studied were West Africans resi-
dent in Nigeria that had traveled by air to another country. Most of the
travelers had visited Europe or North America. Of the 424 travelers to

TABLE 5-1 Use of Unprescribed Antibiotics by Students with Diarrhea

No. (%) of
Antibiotic or combination self-medicated cases

Tetracycline alone 7 (22.6)
Metronidazole alone 7 (22.6)
Pthalyl sulphathiazole alone 3 (9.7)
Tetracycline + Metronidazole 10 (32.3)
Tetracycline + Pthalyl sulphathiazole 3 (9.7)
Tetracycline + Metronidazole + Pthalyl sulphathiazole 1 (3.2)
Total taking at least one unprescribed antibiotic 25 (80.6)
Loperamide 1 (3.2)
Herbals 3 (9.7)
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whom a questionnaire was administered, 52.4 percent traveled with at least
one antimalarial and 30.4 percent with at least one antibacterial drug. Only
19.8 percent said that they would visit a doctor or clinic if they fell ill
during their travels. The rest preferred to take medicines they had brought
with them or obtain medicines from friends (Okeke et al., in press). These
findings appear to suggest that the reasons why antibiotics are abused in
sub-Saharan Africa are not entirely economic. Working in Zambia,
Needham et al. (2001) have identified barriers to tuberculosis diagnosis,
which give some insight of factors that lead patients to self-medicate or
obtain treatment from unorthodox sources. Significant factors they identi-
fied included female sex (p < 0.02) and education (p < 0.04), but not
economic or health factors. There was considerable delay in diagnosis if a
patient made prior health seeking encounters, particularly to unsanctioned
and traditional providers (p < 0.001).

Sub-Standard Medicines

Even when antibiotic prescription and use is optimal, sub-therapeutic
dosing and consequent resistant selection can arise from poor quality anti-
biotic preparations. A recent survey of tablets claiming to contain the anti-
malarial Artesunate from Cambodia, Laos, Myanmar, Thailand, and Viet-
nam found that as many as 38 percent of the samples did not contain the
drug (Newton et al., 2001). Multiple reports have described the dispensing
of medicines in Nigeria that contain as little as half of their label content
(Okeke and Lamikanra, 1995, 2001; Taylor et al., 2001). Some of the
medicines are counterfeit—they were intentionally formulated with less
than the stated content (Chatterjee, 2001; Newton et al., 2001), but signifi-
cant proportions contain degraded drugs (Okeke and Lamikanra, 1995,
2001). Degradation of heat- and moisture-labile antibiotics occurs very
readily in tropical developing countries where ambient temperatures may
approach 40°C and humidity is high enough to distort capsule shells and
soften tablets. The packaging of many pharmaceuticals may be insufficient
to protect them in tropical developing countries, and in some cases it may
be desirable to reformulate them for this environment or modify shelf life
recommendations. One rationale for employing uniform shelf lives in tem-
perate and tropical countries is that labels indicate that medicines are to be
stored under controlled conditions. Indeed, local regulations usually stipu-
late that pharmacy premises in the tropics must be air-conditioned. In
reality, frequent power cuts may mean that the air is only intermittently
conditioned, warehouses and unsanctioned premises are almost never air-
conditioned, and imported drugs may languish for many months at ports.
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Dissemination

The warm moist climate and close proximity of non-human vectors in
tropical countries increase the likelihood that pathogenic and commensal
bacteria will survive in the environment and be transmitted to humans
(Rosas et al., 1997). In many developing countries, these factors combine
with poor sanitation and shortfalls in infection control to create havens for
the amplification and dissemination of resistant strains in the community
(Graczyk et al., 2001). Overcrowding, a direct consequence of urban mi-
gration, increases the chance that this dissemination will occur. The world’s
fastest-growing cities are in developing countries, many of which cannot
provide potable water or safe sanitation for a majority of their residents
(McMichael, 2000). Antibiotic misuse also tends to be more common in
crowded areas and may be a feature of urban social change (Bojalil and
Calva, 1994; Chuc and Tomson, 1999). Separate studies have suggested
that cities serve as havens for the exchange of pathogenic and antibiotic-
resistant organisms. In contrast to a Dutch study, which found that there
was very little difference in the carriage of E. coli resistant to antibiotics in
a rural and an urban area (Bonten et al., 1992), studies in Nigeria and
Nepal have demonstrated that urban residents are more likely to harbor
resistant bacteria than people residing in rural or provincial areas
(Lamikanra and Okeke, 1997; Walson et al., 2001).

The capacity of laboratories in developing countries to conduct suscep-
tibility testing and to diagnose infections needs to be strengthened. Not
only is resistance surveillance insufficient or lacking, the ability to diagnose
many infections and thereby prescribe appropriate and timely treatment is
hampered by inadequate laboratory support. In many localities, the extent
of the antibiotic resistance problem is not known and empirical antibiotic
prescription is akin to guesswork. Similarly, evidence about resistance is of
necessity commonly anecdotal. Even if interceptive strategies to control
resistance are implemented, there are no local means of measuring the
success or otherwise of such policies.

Conclusion

This report attempts to highlight a number of factors that predispose
the emergence and spread of antibiotic resistant organisms in developing
countries. Implementation of the World Health Organization’s (WHO)
Global Strategy for Containment of Antimicrobial Resistance will poten-
tially address all of these issues (WHO, 2001). Priority should be given to
education, directed at distributors and consumers as well as prescribers of
antibiotics, infection control to prevent the dissemination of resistant
strains, quality assurance of antibiotics and other medicines, and the insti-
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tution of functional and sustainable laboratories for antibiotic resistance
surveillance. The real challenge however will be implementing this strategy
on a country- and sub-country-specific basis, taking the special features of
each developing country into account to ensure sustainability. For example,
in some countries, targeting educational intervention at physicians may
reduce inappropriate use (O’Connor et al., 2001). In particular, it would be
desirable to present incentives for prudent antibiotic use in order to address
the gaps between knowledge and practice seen in health professionals and
lay-people. In other areas, the approach must be different because of the
extensive prescription of antibiotics by unsanctioned providers and patients
themselves; antibiotic policies that target orthodox clinical practitioners
and premises will have only limited impact. In these cases, policies and
interventions that reach unconventional distributors and the patients them-
selves are more likely to have a broad and sustained effect. Most impor-
tantly, interventions will have to be tailored to specific countries and com-
munities since the factors that determine their success will be to a large
extent cultural.

HEALTHCARE-ACQUIRED INFECTIONS: HOSPITALS AS A
BREEDING GROUND FOR ANTIMICROBIAL RESISTANCE

Lindsay E. Nicolle, M.D., F.R.C.P.C.

Department of Internal Medicine and Medical Microbiology
University of Manitoba, Winnipeg, Manitoba, Canada

Hospitalized populations are more likely to be colonized or infected
with resistant microorganisms compared with community populations
(Datta, 1969; McGowan et al., 1974). This association of acute care hospi-
talization with antimicrobial resistance was recognized soon after the intro-
duction of antimicrobial therapy (McGowan et al., 1975). Widespread
outbreaks of penicillin-resistant Staphylococcus aureus in the late 1950s
reinforced this observation (LaForce, 1993). Repeatedly, review articles
from 20–30 years ago identified the problem and the association of resis-
tance with widespread empiric antimicrobial use (Jackson, 1979; Weinstein
and Kabins, 1981; McGowan, 1983).

While antimicrobial resistance is more frequent in acute care hospitals,
the prevalence of resistance across hospitals is highly variable. Some of this
variability mirrors geographic variation in prevalence of resistant organ-
isms. Large hospitals providing tertiary care and teaching hospitals have a
higher prevalence of resistance than smaller community hospitals and have
repeatedly been the site where new resistance is first described. This is the
experience of methicillin-resistant Staphylococcus aureus (MRSA) emer-
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gence in U.S. hospitals (Haley et al., 1982), and was repeated in the 1990s
with the emergence of vancomycin resistant enterococci (VRE) (Fridkin et
al., 2001).

Determinants of Resistance

The high prevalence of antimicrobial resistance in acute care facilities,
and repeated emergence of new resistance, is attributable to both patient
and facility characteristics (see Table 5-2). Persons at highest risk of acquir-
ing infection are found in hospitals. These include patients at extremes of
age with biologically impaired immune systems, such as premature neo-
nates and the very old. Other patients have acquired immunodeficiency,
which is often therapeutically induced. These include the increasing num-
bers of solid organ and bone marrow transplant patients and profoundly
neutropenic patients, as well as patients with severe trauma or extensive
burns. These highest risk patients are primarily cared for in large, tertiary
care, teaching hospitals. Hospitalized patients experience repeated inter-
ventions for monitoring or therapy which further impair normal host de-
fenses and increase the risk of infection. Indwelling urethral catheters, cen-
tral vascular lines, endotracheal tubes, and surgical wounds permit access
of microorganisms to normally sterile body sites. Recent evolution in health
care delivery with shortened hospital stay and increased patient acuity
means patients now hospitalized are at even greater risk for infection.

TABLE 5-2 Variables Which Promote the Emergence and High
Prevalence of Resistant Organisms in Acute Care Facilities

Patient variables Inherent immunocompromised status
e.g., neonate, very old

Acquired immunocompromised status
e.g., transplant patients, profound neutropenia,
extensive burns

Therapeutic interventions which compromise normal
defenses

e.g., indwelling urethral catheters, central lines,
endotracheal tubes, surgical procedures

Intense antimicrobial use Systemic:  30–50% of patients
• Therapeutic
• Prophylactic
Topical use

Institutionalization Increased opportunities for transmission
• Shared equipment
• Shared staff
• Airborne
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Intense antimicrobial use in acute care facilities ensures that infections,
when they occur, are likely to be with an organism of increased resistance.
From 30 to 50 percent or more of patients admitted to an acute care facility
receive prophylactic or therapeutic systemic antimicrobials. In very high
risk populations, such as intensive care unit patients or bone marrow or
solid organ transplant units, virtually all patients receive antimicrobial
therapy which is usually broad-spectrum and often more than one agent.
There is also substantial topical antimicrobial use for burns and other skin
lesions, although use of topical agents is not well described. The intensity of
antimicrobial use has been repeatedly correlated with the emergence and
prevalence of antimicrobial resistant organisms in the individual patient,
and within the hospital unit or facility as a whole (McGowan, 1983; Fridkin
et al., 2001).

Institutionalization increases the frequency of transmission of organ-
isms among patients through a shared environment, equipment, and staff.
Transmission may be airborne, as in the case of multiply drug resistant
tuberculosis, from a point source such as contaminated equipment, or by
direct or indirect contact through a contaminated environment or on the
hands of staff. The likelihood of a patient acquiring a resistant organism
correlates with the prevalence of resistant organisms in other patients in the
unit or facility (Bonten et al., 1998). The frequency of antimicrobial resis-
tance is highest in special care units such as intensive care units, burn units,
or transplant units where severely ill patients, multiple invasive devices,
intense antimicrobial use, and close spatial clustering combine.

Acquisition of Antimicrobial Resistance

An antimicrobial resistant organism may be acquired by emergence of
resistance in endogenous flora, or by acquisition from other patients and
the environment. Emergence from endogenous flora has been frequently
reported among gram-negative organisms with inducible beta-lactamases
and in Pseudomonas aeruginosa. A recent important example is the emer-
gence of glycopeptide intermediate MRSA (GISA). These strains have usu-
ally developed in patients with persistent or relapsing MRSA infection
associated with foreign bodies such as hemodialysis catheters which have
not been removed, and after prolonged vancomycin therapy.

An organism may be transmitted from another patient in an outbreak
setting where an increased number of cases is observed, or as endemic
transmission where a continuing, stable, number of cases occur. A patient
may also acquire a resistant organism, such as an aminoglycoside resistant
S. marcescens, and the genetic resistance elements may be transferred to
other colonizing flora resulting in resistance in other species such as K.
pneumoniae or E. coli (McGowan, 1983; Alford and Hall, 1987).
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There is overlap between these two types of acquisition. Once a patient
develops endogenous resistance, the strain may be transmissible to other
patients, leading to an outbreak or endemic colonization or infection with
the resistant organism. Organisms which may initially cause outbreaks,
such as MRSA and VRE, may subsequently become endemic in the facility.

Impact of Antimicrobial Resistance

Studies repeatedly report that acquisition of an antimicrobial resistant
infection is associated with negative outcomes for the patient and the facil-
ity (Holmberg et al., 1987). These include increased mortality, increased
morbidity, increased length of stay, and increased costs due, at least partly,
to the need for more costly alternative antimicrobial therapy and infection
control interventions.

While the conclusion that antimicrobial resistance in acute care facili-
ties has negative impacts is valid, there are some methodologic concerns
with studies measuring outcomes. Antimicrobial resistant organisms are
not usually of greater virulence, so increased morbidity or mortality will
result only if initial antimicrobial therapy not effective for the infecting
organism is given. Where empiric therapy is effective for the resistant or-
ganism, excess morbidity or mortality would not occur. This concern cer-
tainly drives increasing use of broader spectrum empiric antimicrobial
therapy, which is costly, but this practice also means that morbidity and
mortality due to resistant organisms in acute care facilities in developed
countries remains limited.

Patient colonization or infection with a resistant organism is not ran-
dom. Patients from whom resistant organisms are isolated are characterized
by a greater risk of infection due to underlying disease and immunosuppres-
sion, have received more antimicrobial therapy, and have longer hospital
stays because of their illness or complications of therapy. These same char-
acteristics identify patients with a greater likelihood of mortality, morbid-
ity, prolonged length of stay, and cost of hospitalization irrespective of the
presence of an antimicrobial resistant organism. Thus, there are substantial
potential biases in any study of outcomes attributable to antimicrobial
resistance. This partially explains the wide variation in impacts of resistant
organisms reported in different studies. For case-control studies, differences
in outcomes between patients with and without infections with antimicro-
bial resistant organisms become less marked as matching of case and con-
trol patients becomes more rigorous (Howard et al., 2001).

The major negative impact of antimicrobial resistance is, in fact, only a
potential risk. With increasing acquisition of resistance, an organism not
susceptible to any available antimicrobial therapy will evolve. This is of
greatest concern for common, virulent, organisms such as S. aureus and E.
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coli, which are important bacterial pathogens in both hospitals and the
community. The likelihood, time course, and costs of such a development
cannot currently be estimated.

Containment of Antimicrobial Resistance

Concerns about antimicrobial resistance have been repeatedly raised
over many decades, and recommendations to limit progression have been
made (McGowan, 1983; Goldman et al., 1996; Schlaes et al., 1997). The
two major interventions are infection control to prevent transmission, and
limitation of antimicrobial use. A recent consensus statement notes that all
previous efforts have failed, and views this as a failure of leadership by both
administration and medical staff who have not taken ownership of the
problem (Goldman et al., 1996).

Infection Control

Infection control programs are effective in preventing hospital infec-
tions (Scheckler et al., 1998). These programs are essential for safe patient
care and risk management in acute care facilities, regardless of the presence
of antimicrobial resistance. Important activities include surveillance, out-
break investigation and control, patient care practices such as isolation,
handwashing and barriers, and sterilization and disinfection of equipment.
Hospital infection control activity should also decrease antimicrobial resis-
tant infections and colonization.

Perhaps the evidence most strongly supporting efficacy of infection
control in controlling antimicrobial resistance is found in reports of control
of outbreaks of antimicrobial resistant strains. Over 200 such outbreaks
have been reported since 1970 (Nicolle, 2001). The organisms most fre-
quently described are MRSA, aminoglycoside resistant or extended spec-
trum beta-lactamase (ESBL) producing enterobacteriaceae, VRE, and
Acinetobacter spp. Outbreak investigation and control was reported to
eradicate or control infections and colonization with the outbreak strain in
80 to 90 percent of episodes. A common theme, however, is that initial
infection control interventions of education, intensified handwashing, and
barrier precautions did not achieve control. Further measures such as
cohorting, closing units to new admissions, antiseptic handwashing, and
either antimicrobial restriction or specific intensified antimicrobial use were
required to achieve control.

While this experience is compelling evidence for the effectiveness of
infection control, there are limitations to acknowledge. A substantial publi-
cation bias is likely, as reports describing a successful outcome will more
often be submitted for publication. The majority of reports originate from
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academic tertiary care centers, where there may be increased resources and
expertise for infection control. The durability of a successful outcome is
usually not known. Many facilities may have initial success with eradicat-
ing MRSA and VRE, but subsequently have re-emergence with endemic
transmission established. Studies are also noncomparative, and describe
multiple interventions. Thus, the effectiveness of a specific intervention
cannot be evaluated. A final observation is that the antimicrobial resistant
phenotype is a unique marker for organism identification which facilitates
early outbreak recognition. Seen from this perspective, antimicrobial resis-
tance may make infection control interventions more effective.

The efficacy of infection control interventions in limiting endemic anti-
microbial resistance is less clear. The most convincing reports supporting
efficacy are from Europe, where some facilities have only recently changed
practice from a hygienic model of infection control to one based on infec-
tion surveillance. When multifaceted control programs including screening,
staff education, intensified barrier precautions, and intensified handwashing
have been newly implemented in intensive care units with a high prevalence
of resistance, decreased prevalence and incidence of infection and coloniza-
tion with MRSA and ESBL producing organisms has been reported
(Cosseron-Zerbib et al., 1998; Harbath et al., 2000; Souwein et al., 2000).
These approaches, however, have been standard practice for most North
American facilities. An increasing prevalence of MRSA and VRE has been
observed despite appropriate continuing infection control practice (Goetz
and Muder, 1992; Brooks et al., 1998). Infection control interventions may
have delayed and limited resistance expansion, but cannot prevent estab-
lishment or progression altogether.

Another element of infection control practice is antimicrobial use to
prevent infection. There is a trade-off, however, between prevention of
infection, and the induction of even more antimicrobial resistance, espe-
cially among colonizing organisms (Flynn et al., 1987; Terpstra et al.,
1999). This trade off is usually considered acceptable where valid clinical
trials have documented improved patient outcomes. This is the case for
appropriate prophylactic antimicrobial use for selected clean and clean-
contaminated surgical procedures. More problematic is the widespread use
of topical mupirocin for eradication of MRSA colonization. Widespread
mupirocin use for preventing MRSA colonization has repeatedly been fol-
lowed by emergence of mupirocin-resistant MRSA strains (Miller et al.,
1996). Use of prophylactic antimicrobials, even when appropriate, contrib-
utes to the larger problem of antimicrobial resistant organisms within acute
care facilities.

Finally, despite development of multifaceted national guidelines for
control of selected high profile resistant organisms, the prevalence of these
antimicrobial resistant organisms has continued to increase. The ongoing
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MRSA outbreak in Britain (Austin and Anderson, 1999) and the continuing
spread of VRE in the United States (CDC, 1999) are examples. While
incomplete application of national recommendations at the institutional
level may explain this failure, it must be appreciated that there are limita-
tions in what infection control interventions, by themselves, may achieve in
limiting emergence and dissemination of important resistant organisms in
acute care facilities.

Antimicrobial Use Strategies

Throughout the United States in the 1970s and early 1980s tertiary
care institutions repeatedly reported large, continuing outbreaks with
aminoglycoside resistant gram-negative organisms (McGowan, 1983;
Alford and Hall, 1987). Enterobacteriaceae and Pseudomonas aeruginosa
were the most common organisms, and burn units were often identified as
the source. Intensification of infection control measures had partial success
in controlling this resistance in some facilities, but other institutions re-
ported no improvement despite repeated and varied interventions (Alford
and Hall, 1987). From the mid-1980s, however, these organisms were no
longer identified as a significant problem in acute care facilities. This appar-
ent spontaneous disappearance of widespread, important resistance likely
resulted from changes in antimicrobial use with introduction of alternate
gram-negative agents, and burn wound management with more rapid cov-
ering of the burn wound surface. Most important, however, was likely
discontinuing the widespread use of topical aminoglycosides for burn
wound prophylaxis. This is an example of how modifications in antimicro-
bial use may be a powerful determinant in limiting even widespread resis-
tance.

Several activities to optimize antimicrobial use have been suggested (see
Table 5-3) (Marr et al., 1988; Goldman et al., 1996; Schlaes et al., 1997).
Despite the prominence of the concerns with antimicrobial resistance and
continuing attention to this issue, there is limited systematic comparative
evaluation of the efficacy of the proposed interventions. Educational strat-
egies have, in fact, repeatedly been shown to have little long-term impact.
Even optimal antimicrobial use in an acute care facility may not limit
antimicrobial resistance given the large numbers of patients, especially in
high risk units, who require antimicrobial therapy for legitimate clinical
indications. The continuing approach to management of antimicrobial re-
sistant organisms within acute care facilities is, in fact, ever-intensified use
of broad-spectrum antimicrobials to “cover” ever-expanding antimicrobial
resistance.

One study relevant to antimicrobial use and restriction described an
outbreak of Klebsiella aerogenes in a neurosurgical unit in Britain from
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1966 to 1968 (Price and Sleigh, 1970). Patients on this unit routinely
received prophylactic cloxacillin for a continuing outbreak of penicillin-
resistant S. aureus, and prophylactic ampicillin to prevent meningitis with
cerebrospinal fluid leaks. Widespread colonization and infection with K.
aerogenes emerged, including uniformly fatal cases of meningitis. The ini-
tial response to controlling this outbreak was intensification of infection
control interventions including cohorting or placing patients in private
rooms, and high dose colistin therapy to prevent and eradicate coloniza-
tion. These strategies had minimal impact, and deaths from K. aerogenes
meningitis continued. The draconian intervention of removal of all antimi-
crobial agents for either prophylaxis or therapy was then undertaken. There
was a prompt and sustained disappearance of the outbreak strain, and
during the subsequent four months while no antimicrobials were used there
were no further cases of meningitis. Complete withdrawal of antimicrobial
therapy is, of course, an intervention of the last resort and not an option
which could currently be entertained for most acute care units. However,
this study is intriguing in suggesting aggressive antimicrobial control may
have profound and unpredicted impacts.

Research Needs

Antimicrobial resistance in acute care facilities is a large and complex
issue. Despite identification of this problem immediately after antimicrobial
use became widespread, and continuous attention, the problem is greater
today than ever. This is, in part, the price for the remarkable advances in
antimicrobial agents, which have allowed prevention and treatment of in-
fections in highly compromised patients, leading to even more vulnerable
populations. To address the problem now, interventions known to be effec-

TABLE 5-3 Recommendations Suggested
for Optimizing Antimicrobial Use in
Acute Care Facilities

• restrictive formulary
• automatic stop orders
• automatic substitution
• guidelines for antimicrobial use
• optimal surgical prophylaxis
• education
• academic detailing
• required consultation/approval
• antimicrobial resistance reports
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tive must be rigorously applied, and continuing, targeted, systematic evalu-
ation of potential effective interventions must be pursued. Some issues for
further research and evaluation have been identified in the previous discus-
sion of infection control and antimicrobial use. There are several other
approaches that require intensive study.

Knowledge of the basic science of nosocomial transmission and patho-
gens is incomplete. Some strains of MRSA disseminate widely and rapidly,
whereas other strains in the same environment are not transmitted among
patients. Organism characteristics determining transmission in a facility are
not known. The “big four” nosocomial infections of urinary tract, surgical
site, ventilator-associated pneumonia, and central line are all primarily
associated with foreign materials. A more complete understanding of inter-
actions between the organism, the device, and the host will be essential to
understand these infections, and associated resistance development.

Another need is development of rapid, reliable diagnosis to identify the
presence of infection, the specific infecting organism, and antimicrobial
susceptibilities. Diagnostic precision is the key to effectively modifying the
current approach of widespread empiric antimicrobial use in ill patients
with suspected infections. Without this improved diagnostic capability, it is
not realistic to expect to modify current antimicrobial practices. A further
need is development of materials resistant to colonization by organisms to
limit infection and colonization with antimicrobial resistant organisms on
medical devices. Given the prominent role of these devices in nosocomial
infection, technological development of medical devices resistant to coloni-
zation by microorganisms is a priority.

Comprehensive strategies addressing the problem of antimicrobial re-
sistance consistently identify a need for continuing development of antimi-
crobials as a priority. New antimicrobials will certainly be needed for pa-
tients in acute care facilities, where new resistance is always most likely to
emerge. Development of additional antimicrobials, however, is unlikely to
alter the paradigm of antimicrobial resistance in acute care facilities. This
will remain a spiral of ever increasing resistance and empiric antimicrobial
use until alternative effective approaches to prevention and management of
nosocomial infections are developed.

THE USE OF ANTIMICROBIALS IN FOOD-PRODUCING ANIMALS

Thomas R. Shryock, Ph.D.

Elanco Animal Health, Greenfield, IN

The ultimate goal of food animal production is to deliver a safe, afford-
able, nutritious high-quality food product to the consumer. In the United
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States in 2000, the food animal population totals were 8.4 billion chickens,
97 million cattle, and 98 million pigs. In order to raise this quantity of
animals in today’s commercial livestock and poultry operations, efficiencies
of scale include grouping hundreds to tens of thousands of animals together
on a single farm. This necessitates the application of herd health measures,
applied on a population basis, to maintain a high level of herd (or flock)
health status, since an epidemic disease outbreak would decimate the popu-
lation. Measures such as vaccination, limited commingling, adequate venti-
lation and temperature controls for minimizing environmental extremes,
biosecurity, appropriate nutrition and housing, and producer quality assur-
ance programs and practices are currently used in modern agriculture.
However, these measures are not always sufficient to prevent or control
disease. The use of antimicrobial agents as a strategic tool to maintain
animal health remains an essential component of today’s food animal pro-
duction system.

Antimicrobial agents are used in food animal production to prevent
disease in high-risk animals and to control or treat disease; or to improve
the ability of the animal to convert feed to muscle. Unlike the situation in
human medicine where individual patients can be treated, food animal
medicine is often practiced on a population basis for reasons of animal
welfare, logistics, and efficiency since it is impractical to individually treat
each animal in a group that consists of hundreds to tens of thousands. Herd
health medicine also relies heavily on preventive medicine strategies to
control or prevent disease in high risk populations. Addition of antimicro-
bial agents to feedstuffs, or by water, or parenteral administration to groups
of animals by injection to prevent or control disease progression is done
strategically when certain criteria are met. These criteria include prior expe-
rience of a disease outbreak associated with animal movement or weather
extremes, or a noticeable increase in clinical signs of disease in a few ani-
mals in the group. This early therapeutic administration to the entire group
is warranted, since many animals will have been exposed to the index cases
and are now “incubating” the pathogens. Left untreated, as time elapses,
more animals will “break” with clinical signs. Strategic application of an
antimicrobial agent at the right time can minimize the pathogen load within
a sufficient number of animals in the group (by allowing the host immune
defenses to control the infection) and ultimately restore the group to an
acceptable health status. Thus, preventive medicine, as a part of a herd
health program, is in some cases the best way to maintain healthy animals.
It is not appropriate to allow the majority of animals to suffer or die
unnecessarily before beginning treatment (which is likely to fail at that late
stage of the disease course). Many critics of this well-established practice
incorrectly refer to the administration of “subtherapeutic” doses of antimi-
crobial agents in this instance, when in fact, the doses were developed to be
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therapeutic for those animals exhibiting signs of disease and are sufficient
to benefit those animals that are incubating the pathogen and would soon
break with disease. Routine administration of antimicrobials to healthy
animals, with the intention of doing so as “insurance” or to “cover” poor
management or hygiene is not a practice used by the leading production
companies because it would be expensive, unsuccessful, and an unsustain-
able method of animal production. The administration of antimicrobials to
enhance performance or growth of the animals may reflect the intention of
the producer, but frequently the antimicrobial agents are in reality control-
ling an unrecognized subclinical disease exposure in the animals.

With respect to specific animal species, the use of antimicrobial agents
is quite diverse (GAO, 1999; NRC, 1999; Prescott et al., 2000; Muirhead,
2001). Most poultry production requires the use of ionophores to prevent
coccidia (intestinal parasites) infections, which otherwise would devastate a
flock. Some antibiotics are administered at hatching, to reduce the preva-
lence and/or severity of infections that occur in day-old chicks due to vacci-
nation stress on the immature immune system. In poultry house situations,
rapid onset of respiratory or enteric diseases requires that antimicrobial
agents be administered at the earliest opportunity to prevent significant
morbidity and mortality in the flock. For the most part, poultry are medi-
cated via feed or water because it would be impractical to individually treat
thousands or tens of thousands of birds. Swine production can be divided
into several stages from gestation, to farrowing, to nursery, to grower and
finisher. Each stage has its own unique needs for antimicrobial usage, but in
particular respiratory disease and enteric disease can frequently spread rap-
idly throughout a herd and require antimicrobial intervention. Thus strate-
gically timed oral medications in groups of high risk pigs to prevent disease
at times of movement, high stress, or waning maternal antibody may be
needed. Injectable products are used when needed for therapy to individual
sick sentinel pigs of the herd, that is, those showing the most and earliest
clinical signs. Beef cattle that are affected by respiratory disease are usually
treated with injectable antibiotics. Liver abscesses, coccidiosis and meta-
bolic diseases are also common in feedlot cattle and are prevented or con-
trolled by administration of antimicrobial agents in feed (Nagaraja et al.,
1996; McGuffey et al., 2001; Muirhead, 2001). Infections in dairy cattle
are usually cases of mastitis which are treated in acute cases or at “dry off”
by intramammary infusion of antimicrobial agents. The use of antimicro-
bial agents in aquaculture is minimal (only tetracycline and a sulfa are
approved), with applications done only in certain situations via medicated
feed.

The antimicrobial agents that are used in food animal production are
similar to those used in human medicine, but with several key exceptions
(GAO, 1999). The Food and Drug Administration (FDA) or their equiva-
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lent in other countries has approved all of these products for use after a
thorough review of the drug manufacturers’ data that demonstrate efficacy,
safety, and quality of the medicinal product. The common classes of antibi-
otics used in both humans and animals are: beta-lactams (including cepha-
losporins), tetracyclines, macrolides, aminoglycosides, lincosamides, sul-
fonamides, streptogramins, and fluoroquinolones. Examples of compounds
not used (or minimally used) in humans, but important in food animals
include: ionophores, avilamycin, bacitracin, carbadox, flavomycin, and
pleuormutilins. It should be noted that some antimicrobial agents such as
chloramphenicol and vancomycin are banned from use in food animals in
the United States and other countries (Payne et al., 1999). Some of the
antimicrobial agents used in food animals are approved for delivery by both
a parenteral and an oral route, but in many cases only a feed administration
route is approved and/or feasible for a variety of reasons. A detailed com-
pendium of the technical aspects of feed additives is available (Muirhead,
2001). The actual amount of antimicrobials distributed by manufacturers
in the U.S. animal sector has been reported (but doesn’t include the amount
of generic products distributed) (Muirhead, 2002). Of the total amount of
10,936 tons of active antimicrobials reported sold in 2001, 35 percent was
classified as ionophore/arsenical, 33 percent was tetracycline, and 18 tons
(<1 percent) was fluoroquinolone. Overall, 83 percent of the total was used
for disease and 17 percent used for performance improvement. A separate
estimation of U.S. usage, based on many assumptions, was calculated to be
12,300 tons just for a non-traditionally defined designation of “non-thera-
peutic” uses (Mellon et al., 2001).

Antimicrobial use in food animals has been a subject of discussion for
over 30 years. A large number of reports, conferences, meetings, research
studies and other communications have been produced. It is outside the
scope of this short paper to review all of the key literature on this subject;
however, a number of recent reviews and reports are provided for further
information (IOM, 1998; Bezoen et al., 1999; Commonwealth of Australia
Government, 1999; GAO, 1999; Barton, 2000). The primary concern has
been that the use of antimicrobial agents in food animals will select for
resistance to those agents in intestinal bacteria, and via foodborne transmis-
sion, an infection in humans will develop that is untreatable. A newer
variation on this theme has been that foodborne commensal bacteria might
transfer their resistance genes to existing susceptible normal human flora,
and thereby set the stage for a non-treatable infection at a later time in the
person’s life. The bacteria at issue are limited to salmonella, campylobacter
and enterococci, and vary with the animal species. Additional areas of
concern include environmental contamination with excreted antimicrobials
or their metabolites; residue concentrations of antimicrobials in edible tis-
sues; and direct zoonotic transmission.
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Some antimicrobial classes and routes of administration generate more
concern than others. For example fluoroquinolone water medication use in
poultry has resulted in a Notice of Opportunity for Hearing for the sponsor
from the FDA, but the use of an injectable fluoroquinolone in cattle has
not. In Europe, use of fluoroquinolones in animals is not considered to put
human health at undue risk, but should be monitored (WHO, 1998; CVMP,
2001). Feed additive uses for efficiency claims and disease prevention have
also come under scrutiny by some government officials, physicians, micro-
biologists, and others. The antimicrobial agents involved primarily include
tetracyclines, beta-lactams, sulfonamides, macrolides, lincosamides, strepto-
gramins, and bacitracin. The European Union Commission has legislatively
removed the efficiency claim authorizations of several antimicrobial agents,
and plans to remove the authorizations for the remaining agents in a few
years. In the United States, the Center for Veterinary Medicine (CVM) is
conducting a risk assessment on E. faecium and virginiamycin use.

Since foodborne bacterial transmission is an essential component of the
issue, it represents a critical control point for ensuring food safety from all
pathogens, not just those with antibiotic resistance genes. If one looked at a
short list of the chain of events that are needed to “go wrong” in order for
an antibiotic-resistant foodborne disease to result in an adverse outcome
for a typical patient, it would include the following:

1. Antibiotic-resistant bacteria are present in a particular group of
animals.

2. Selection of pre-existing strain with resistance gene(s) or a resis-
tance mutation in the presence of an antibiotic.

3. Strain maintains itself in the presence of other gut flora until slaugh-
ter (with or without continued antibiotic selection pressure).

4. Fecal contamination of the carcass occurs during processing leav-
ing bacteria on the meat.

5. Carcass decontamination measures are ineffective or incomplete.
6. Food product processing, shipment, or storage may result in the

growth of the contaminating bacteria.
7. Cooking at an inadequate temperature and duration fails to kill the

bacteria or the food is recontaminated after cooking by improper handling.
8. Human consumption of food results in resistant bacterial coloniza-

tion or infection.
9. Infection severity requires physician care or hospitalization; antibi-

otic prescribed that is of the same class as was used on the farm.
10. Clinical resolution of infection may not be as rapid or complete as

with a susceptible strain; culture and susceptibility testing in lab compel
change in antibiotic.
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11. Outcome is that the treatment period is prolonged or the patient
may possibly die.

It should be obvious that not all foodborne bacteria are antibiotic-
resistant. Each stage of the chain of events represents a decrease in the total
number of “chances” for something to “go wrong” in the subsequent stage.
For example, at step 7 only improperly cooked or recontaminated food is
likely to result in cases of foodborne disease. Of the fraction of people
exposed in step 7, not all will get sick in step 8. In essence, this is the type
of rationale that comprises a risk assessment. One could use this approach
to identify key steps to direct interventions to minimize bacterial transfer or
impact from all foodborne pathogens, not just those with antibiotic resis-
tance genes.

Thus the central issue is not whether antibiotic use in food animals can
select for resistance in particular types of bacteria which can then cause
foodborne disease in people that is more difficult to treat. The real issue is
what is the frequency at which this occurs and to what extent should
resources be used to intervene? In other words, should 50 percent of the
available resources be directed to the use of antibiotics in food animals if
the “resistance contribution” is 5 percent?

Many intervention recommendations have already been made (and are
currently in the implementation phase) to minimize the contribution of
food animal antibiotic use to the overall concern in human medicine. Addi-
tional reports with such guidance are cited here for reference (WHO, 2000;
OIE, 2001; Torrence, 2001; U.S. Government, 2001; FDA, 2002a; FDA,
2002b). In general, the following themes can be found across these reports:

Risk assessment.  This approach seeks to objectively evaluate the likeli-
hood of an adverse effect through hazard identification, hazard character-
ization, exposure assessment, and risk characterization; and could poten-
tially be used predictively to evaluate the effect of proposed intervention
strategies as a part of the risk management phase.

Reduction in antibiotic usage.  This approach seeks to reduce the need
to use antibiotics by emphasizing improved hygiene, vaccination, housing,
etc., in an effort to avoid disease outbreaks in the first place. In some
recommendations, elimination of certain antibiotics or uses is advocated.

Rational or responsible antibiotic use.  The development and imple-
mentation of a series of guidelines to veterinarians and other animal care
specialists on the proper use of antibiotics is strongly advocated. Indeed,
many veterinary organizations have already done so and producers are now
incorporating them into their quality assurance programs.

Regulatory reform to address resistance.  Regulatory reform is ongoing
in the United States, the European Union, Australia, and many other coun-
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tries with respect to the requirements that antibiotic manufacturers will
have to meet in order to maintain their products or have new ones ap-
proved.

Resistance and usage monitoring.  Monitoring of foodborne patho-
gens, principally campylobacter, salmonella and E. coli, and the “indica-
tor” E. faecium for changes in antibiotic susceptibility patterns is ongoing
in many countries, although test methods, isolate collection schemes, etc.,
are not optimal or consistent. Monitoring of the quantities of drug usage to
assess reduction in antibiotice use is done in several small countries, and is
being done on a self-reporting basis by the veterinary pharmaceutical indus-
try in the United States and the European Union.

In conclusion, the use of antibiotics in food animals is essential to
maintain a consistent supply of healthy animals entering the food chain.
Although some antibiotic-resistant foodborne bacteria do make their way
through the food chain to cause disease in consumers, the magnitude and
clinical impact of that event remains unclear. In the larger context of hu-
man antibiotic resistance, antibiotic-resistant foodborne bacteria are a mi-
nor component compared to hospital- and community-acquired infections
and antibiotic use. Nevertheless, the food animal production sector is doing
its part to minimize antibiotic resistance by participating in the five activi-
ties above while continuing to deliver a safe, abundant food supply to the
nation.

In response to this paper, “The Use of Antimicrobials in Food-Produc-
ing Animals,” a paper was prepared to address the public health conse-
quences of antimicrobials in agriculture and can be found in Appendix A.

REFERENCES

Alford RH and Hall A. 1987. Epidemiology of infections caused by gentamicin-resistant
Enterobacteriaeceae and Pseudomonas aeruginosa over 15 years at the Nashville
Veteran’s Administration Medical Center. Reviews of Infectious Diseases 9:1079–1086.

Austin DJ and Anderson RM. 1999. Transmission dynamics of epidemic methicillin-resistant
Staphylococcus aureus and vancomycin resistant Enterococcus in England and Wales.
Journal of Infectious Diseases 179:883–891.

Bartoloni A, Cutts F, Leoni S, Austin CC, Mantella A, Guglielmetti P, Roselli M, Salazar E,
Paradisi F. 1998. Patterns of antimicrobial use and antimicrobial resistance among
healthy children in Bolivia. Tropical Medicine and International Health 3:116–123.

Barton MD. 2000. Antibiotic use in animal feed and its impact on human health. Nutrition
Research Reviews 13:279–299.

Bezoen A, van Haren W, Hanekamp JC. 1999. Emergence of a Debate: AGPs and Public
Health Human Health and Antibiotic Growth Promoters (AGPs): Reassessing the Risk.
[Online]. Available:  http://www.euronet.nl/~ssf/hanagp1.html.

Bojalil R and Calva JJ. 1994. Antibiotic misuse in diarrhea. A household survey in a Mexican
community. Journal of Clinical Epidemiology 47:147–156.

Copyright © National Academy of Sciences. All rights reserved.

The Resistance Phenomenon in Microbes and Infectious Disease Vectors:  Implications for Human Health and Strategies for Containment -- Workshop Summary
http://www.nap.edu/catalog/10651.html

http://www.nap.edu/catalog/10651.html


154 THE RESISTANCE PHENOMENON

Bonten MJM, Slaughter S, Ambergen AW, van Voorhis J, Nathan C, Weinstein RA. 1998.
The role of “colonization pressure” in the spread of vancomycin-resistant enterococci.
Archives of Internal Medicine 158:1127–1132.

Bonten M, Stobberingh E, Philips J, Houben A. 1992. Antibiotic resistance of Escherichia coli
in fecal samples of healthy people in two different areas in an industrialized country.
Infection 20:258–262.

Brooks S, Khan A, Stoica D, Griffith J, Friedman L, Mukherji R, Hameed R, Schupf N. 1998.
Reduction in vancomycin-resistant Enterococcus and Clostridium difficile infections fol-
lowing change to tympanic thermometers. Infection Control and Hospital Epidemiology
19:333–336.

Calva J. 1996. Antibiotic use in a periurban community in Mexico: a household and drug-
store survey. Social Science and Medicine 42:1121–1128.

CDC (Centers for Disease Control and Prevention). 1999. National Nosocomial Infections
Surveillance (NNIS) System report, data summary from January 1990–May 1999, issued
June 1999. American Journal of Infection Control 27:520–532.

Chatterjee P. 2001. India’s trade in fake drugs—bringing the counterfeiters to book. The
Lancet 357:1776.

Chuc NT and Tomson G. 1999. “Doi moi” and private pharmacies: a case study on dispens-
ing and financial issues in Hanoi, Vietnam. European Journal of Clinical Pharmacology
55:325–332.

Commonwealth of Australia Government. 1999. The Use of Antibiotics in Food-Producing
Animals: Antibiotic-Resistant Bacteria in Animals and Humans: Report of the Joint
Expert Technical Advisory Committee on Antibiotic Resistance (JETACAR). [Online].
Available: http://www.health.gov.au/pubs/jetacar.pdf.

Cosseron-Zerbib M, Roque Afonso AM, Naas T, Durand P, Meyer L, Costa Y, El Helali N,
Huault G, Nordmann P. 1998. A control programme for MRSA containment in a paedi-
atric intensive care unit: evaluation and impact on infections caused by other micro-
organisms. Journal of Hospital Infection 40:225–235.

CVMP (Committee for Veterinary Medicinal Products). 2001. Position Statement: Reflection
by the CVMP within a European context on the intention of the FDA to withdraw the
use of the fluoroquinolone enrofloxacin in poultry. [Online]. Available:  http://www.
emea.eu.int/pdfs/vet/press/pos/001401en.pdf.

Datta N. 1969. Drug resistance and R factors in the bowel bacteria of London patients before
and after admission to hospital. British Medical Journal 2:407–411.

Djimde A, Plowe CV, Diop S, Dicko A, Wellems TE, Doumbo O. 1998. Use of antimalarial
drugs in Mali: policy versus reality. American Journal of Tropical Medicine and Hygiene
59:376–379.

FDA (Food and Drug Administration). 2002a. Center for Veterinary Medicine and Judicious
Use of Antimicrobials. [Online]. Available: http://www.fda.gov/cvm/fsi/JudUse.htm.

FDA. 2002b. CVM Antimicrobial Activities: Surveillance, Research, Education, and Interna-
tional Coordination. [Online]. Available: http://www.fda.gov/cvm/antimicrobial/
AR2002Rpt.pdf.

Flynn DM, Weinstein RA, Nathan C, Gaston MA, Kabins SA. 1987. Patients’ endogenous
flora as the source of “nosocomial” Enterobacter in cardiac surgery. Journal of Infec-
tious Diseases 156:363–368.

Fridkin SK, Edwards JR, Courval JM, Hill H, Tenover FC, Lawton R, Gaynes RP, McGowen
JE Jr. 2001. The effect of vancomycin and third-generation cephalosporins on preva-
lence of vancomycin-resistant enterococci in 126 US adult intensive care units. Annals of
Internal Medicine 135:175–183.

GAO (General Accounting Office). 1999. Food Safety: The Agricultural Use of Antibiotics
and Its Implications for Human Health. GAO/RCED-99-74. Washington, DC: GAO.

Copyright © National Academy of Sciences. All rights reserved.

The Resistance Phenomenon in Microbes and Infectious Disease Vectors:  Implications for Human Health and Strategies for Containment -- Workshop Summary
http://www.nap.edu/catalog/10651.html

http://www.nap.edu/catalog/10651.html


FACTORS CONTRIBUTING TO THE EMERGENCE OF RESISTANCE 155

Goetz AM and Muder RR. 1992. The problem of methicillin-resistant Staphylococcus aureus:
A critical appraisal of the efficacy of infection control procedures with a suggested
approach for infection control programs. American Journal of Infection Control 20:80–
84.

Goldman DA, Weinstein RA, Wenzel RP, Tablan OC, Duma RJ, Gaynes RP, Schlosser J,
Martone WJ. 1996. Strategies to prevent and control the emergence and spread of
antimicrobial-resistant micro-organisms in hospitals:  A challenge to hospital leadership.
Journal of the American Medical Association 275:234–240.

Goma Epidemiology Group. 1995. Public health impact of Rwandan refugee crisis:  what
happened in Goma, Zaire, in July, 1994. The Lancet 345:339–344.

Graczyk TK, Knight R, Gilman RH, Cranfield MR. 2001. The role of non-biting flies in the
epidemiology of human infectious diseases. Microbes and Infection 3:231–235.

Haley RW, Hightown AW, Khabbaz RF, Thornsberry C, Martone WJ, Allen JR, Hughes JM.
1982. The emergence of methicillin-resistant Staphylococcus aureus infections in United
States hospitals:  Possible role of the house staff-patient transfer circuit. Annals of Inter-
nal Medicine 97:297–308.

Harbarth S, Martin Y, Robner P, Henry N, Auckenthaler R, Pittet D. 2000. Effect of delayed
infection control measures on a hospital outbreak of methicillin-resistant Staphylococ-
cus aureus. Journal of Hospital Infection 46:43–49.

Hoge CW, Gambel JM, Srijan A, Pitarangsi C, Echeverria, P. 1998. Trends in antibiotic
resistance among diarrheal pathogens isolated in Thailand over 15 years. Clinical Infec-
tious Diseases 26:341–345.

Holmberg SD, Solomon SL, Blake PA. 1987. Health and economic impacts of antimicrobial
resistance. Reviews of Infectious Diseases 9:1065–1078.

Howard D, Cordell R, McGowan JE Jr, Packard RM, Scott RD II, Solomon SL. 2001.
Measuring the economic costs of antimicrobial resistance in hospital settings:  Summary
of the Centers for Disease Control and Prevention—Emory Workshop. Clinical Infec-
tious Diseases 33:1573–1578.

Hsueh PR, Chen ML, Sun CC, Chen WH, Pan HJ, Yang LS, Chang SC, Ho SW, Lee CY,
Hsieh WC, Luh KT. 2002. Antimicrobial drug resistance in pathogens causing nosoco-
mial infections at a university hospital in Taiwan, 1981–1999. Emerging Infectious
Diseases 8:63–68.

IOM (Institute of Medicine). 1998. Antimicrobial Resistance: Issues and Options. Washing-
ton, DC: National Academy Press.

Jackson GG. 1979. Antibiotic policies, practices and pressures. Journal of Antimicrobial
Chemotherapy 5:1–4.

LaForce FM. 1993. The control of infections in hospitals: 1750 to 1950. In: Wenzel RP, ed.
Prevention and Control of Nosocomial Infections. 2nd ed. Baltimore, MD: Williams
and Wilkins. Pp. 1–12.

Lamikanra A and Okeke IN. 1997. A study of the effect of the urban/rural divide on the
incidence of antibiotic resistance in Escherichia coli. Biomedical Letters. 55:91–97.

Larsson M, Kronvall G, Chuc NT, Karlsson I, Lager F, Hanh HD, Tomson G, Falkenberg T.
2000. Antibiotic medication and bacterial resistance to antibiotics: a survey of children
in a Vietnamese community. Tropical Medicine and International Health 5:711–721.

Marr JJ, Moffet HL, Kunin CM. 1988. Guidelines for improving the use of antimicrobial
agents in hospitals:  a statement by the Infectious Diseases Society of America. Journal of
Infectious Diseases 157:869–876.

McGowan JE Jr. 1983. Antimicrobial resistance in hospital organisms and its relation to
antibiotic use. Reviews of  Infectious Diseases 5:1033–1048.

Copyright © National Academy of Sciences. All rights reserved.

The Resistance Phenomenon in Microbes and Infectious Disease Vectors:  Implications for Human Health and Strategies for Containment -- Workshop Summary
http://www.nap.edu/catalog/10651.html

http://www.nap.edu/catalog/10651.html


156 THE RESISTANCE PHENOMENON

McGowan JE Jr, Barnes MW, Finland M. 1975. Bacteremia at Boston City Hospital, occur-
rence and mortality during 12 selected years (1935–1972) with special reference to
hospital-acquired cases. Journal of Infectious Diseases 132:316–335.

McGowan JE Jr, Garner C, Wilcox C, Finland M. 1974. Antibiotic susceptibilities of gram-
negative bacilli isolated from blood cultures:  Results of tests with 35 agents and strains
from 169 patients at Boston City Hospital during 1972. American Journal of Medicine
57:225–238.

McGuffey RK, Richardson LF, Wilkinson JID. 2001. Ionophores for dairy cattle: Current
status and future outlook. Journal of Dairy Science 84(Suppl.):E194–E203.

McMichael AJ. 2000. The urban environment and health in a world of increasing globaliza-
tion: issues for developing countries. Bulletin of the World Health Organization
78:1117–1126.

Mellon M, Benbrook C, Benbrook KL. 2001. Hogging It: Estimates of Antimicrobial Abuse
in Livestock. [Online]. Available: http://www.ucsusa.org/index.html.

Miller MA, Dascal A, Portnoy J, Mendelson J. 1996. Development of mupirocin resistance
among methicillin-resistant Staphylococcus aureus after widespread use of nasal
mupirocin ointment. Infection Control and Hospital Epidemiology 17:811–813.

Muirhead S, ed. 2001. 2002 Feed Additive Compendium. Minnetonka, MN: Miller Publish-
ing.

Muirhead S. 2002. Survey shows drop in antibiotic use. Feedstuffs 74:1, 3.
Mwansa J, Mutela K, Zulu I, Amadi B, Kelly P. 2002. Antimicrobial sensitivity in enterobac-

teria from AIDS patients, Zambia. Emerging Infectious Diseases 8:92–93.
Nagaraja TG, Laudert SB, Parrott JC. 1996. Liver abscesses in feedlot cattle. Part II. Inci-

dence, economic importance, and prevention. The Compendium S264–S273.
Needham DM, Foster SD, Tomlinson G, Godfrey-Faussett P. 2001. Socio-economic, gender

and health services factors affecting diagnostic delay for tuberculosis patients in urban
Zambia. Tropical Medicine and International Health 6:256–259.

Newton P, Proux S, Green M, Smithuis F, Rozendaal J, Prakongpan S, Chotivanich K, Mayxay
M, Looareesuwan S, Farrar J, Nosten F, White, NJ. 2001. Fake artesunate in southeast
Asia. The Lancet 357:1948–1950.

Nicolle LE. 2001. Infection Control Programmes to Control Antimicrobial Resistance.
Geneva: WHO.

Nizami SQ, Khan IA, Bhutta ZA. 1996. Drug prescribing practices of general practitioners
and paediatricians for childhood diarrhoea in Karachi, Pakistan. Social Science and
Medicine 42:1133–1139.

NRC (National Research Council). 1999. The Use of Drugs in Food Animals: Benefits and
Risks. Washington, DC: National Academy Press.

O’Connor S, Rifkin D, Yang YH, Wang JF, Levine OS, Dowell SF. 2001. Physician control of
pediatric antimicrobial use in Beijing, China, and its rural environs. Pediatric Infectious
Disease Journal 20:679–684.

OIE (Office International des Epizooties). 2001 (October 2–4). OIE Guidelines. Paper result-
ing from the 2nd OIE International Conference on Antimicrobial Resistance: Use
of Antimicrobials and Protection of Public Health, Paris, France. [Online]. Available:
http://www.anmv.afssa.fr/oiecc/conference/guidelines.htm.

Okeke IN and Edelman R. 2001. Dissemination of antibiotic-resistant bacteria across geo-
graphic borders. Clinical Infectious Diseases 33:364–369.

Okeke IN and Lamikanra A. 1995. Quality and bioavailability of tetracycline capsules in a
Nigerian semi-urban community. International Journal of Antimicrobial Agents 5:245–
250.

Okeke IN and Lamikanra A. 2001. Quality and bioavailability of ampicillin capsules in a
Nigerian semi-urban community. African Journal of Medicine and Medical Sciences
30:47–51.

Copyright © National Academy of Sciences. All rights reserved.

The Resistance Phenomenon in Microbes and Infectious Disease Vectors:  Implications for Human Health and Strategies for Containment -- Workshop Summary
http://www.nap.edu/catalog/10651.html

http://www.nap.edu/catalog/10651.html


FACTORS CONTRIBUTING TO THE EMERGENCE OF RESISTANCE 157

Okeke IN and Lamikanra A. In press. Export of antimicrobial drugs by West African travel-
ers. Journal of Travel Medicine.

Okeke IN, Abudu AB, Lamikanra A. 2001. Microbiological investigation of an outbreak of
acute gastroenteritis in Niger State, Nigeria. Clinical Microbiology and Infection 7:514–
516.

Okeke IN, Fayinka ST, Lamikanra A. 2000. Antibiotic resistance trends in Escherichia coli
from apparently healthy Nigerian students (1986–1998). Emerging Infectious Diseases
6:393–396.

Okeke IN, Lamikanra A, Edelman R. 1999. Socioeconomic and behavioral factors leading to
acquired bacterial resistance to antibiotics in developing countries. Emerging Infectious
Diseases 5:18–27.

Paredes P, de la Pena M, Flores-Guerra E, Diaz J, Trostle J. 1996. Factors influencing physi-
cians’ prescribing behaviour in the treatment of childhood diarrhoea: knowledge may
not be the clue. Social Science and Medicine 42:1141–1153.

Payne MA, Baynes RE, Sundlof SE, Craigmill A, Webb AI, Riviere JE. 1999. Drugs prohib-
ited from extralabel use in food animals. Journal of the American Veterinary Medical
Association 215:28–32.

Pechere JC. 2001. Patients’ interviews and misuse of antibiotics. Clinical Infectious Diseases
33:S170–173.

Prescott JF, Baggot JD, Walker RD, eds. 2000. Antimicrobial Therapy in Veterinary Medi-
cine. 3rd ed. Ames, IA: Iowa State University Press.

Price DJ and Sleigh JD. 1970. Control of infection due to Klebsiella aerogenes in a neurosur-
gical unit by withdrawal of all antibiotics. Lancet 2:1213–1215.

Rosas I, Salinas E, Yela A, Calva E, Eslava C, Cravioto A. 1997. Escherichia coli in settled-
dust and air samples collected in residential environments in Mexico City. Applied and
Environmental Microbiology 63:4093–4095.

Scheckler WE, Brimhall D, Buck AS, Farr BM, Friedman C, Garibaldi RA, Gross PA, Harris
JA, Hierholzer WJ, Martone WJ, McDonald LL, Solomon SL. 1998. Requirements for
infrastructure and essential activities of infection control and epidemiology in hospitals:
A consensus panel report. Infection Control and Hospital Epidemiology 19:114–124.

Schlaes DM, Gerding DN, John JF Jr, Craig WA, Bornstein DL, Duncan RA, Eckman MR,
Farrer WE, Greene WH, Lorian V, Levy S, McGowan JE Jr, Paul SM, Riskin J, Tenover
FC, Watanakunakorn C. 1997. Society for Healthcare Epidemiology of America and
Infectious Diseases Society of America Joint Committee on the Prevention of Antimicro-
bial Resistance:  Guidelines for the prevention of antimicrobial resistance in hospitals.
Infection Control and Hospital Epidemiology 18:275–291.

Sengupta PG, Niyogi SK, Bhattacharya SK. 2000. An outbreak of Eltor cholera in Aizwal
town of Mizoram, India. Journal of Communicable Diseases 32:207–211.

Siringi S. 2001. Over-the-counter sale of antimalarial drugs stalls Kenyan disease strategy.
The Lancet 357:1862.

Sofowora A. 1982. Medicinal Plants and Traditional Medicine in Africa. Chinchester: John
Wiley and Sons.

Souwein B, Traore O, Aublet-Cuvelier B, Bret L, Sirot L, Laveran H, Deteix P. 2000. Role of
infection control measures in limiting morbidity associated with multi-resistant organ-
isms in critically ill patients. Journal of Hospital Infection 45:107–116.

Taylor RB, Shakoor O, Behrens RH, Everard M, Low AS, Wangboonskul J, Reid RG,
Kolawole JA. 2001. Pharmacopoeial quality of drugs supplied by Nigerian pharmacies.
The Lancet 357:1933–1936.

Terpstra S, Noordhoek GT, Voerten HGJ, Hendriks B, Degener JE. 1999. Rapid emergence
of resistant coagulase negative staphylococci on the skin after antibiotic prophylaxis.
Journal of Hospital Infection 43:195–202.

Copyright © National Academy of Sciences. All rights reserved.

The Resistance Phenomenon in Microbes and Infectious Disease Vectors:  Implications for Human Health and Strategies for Containment -- Workshop Summary
http://www.nap.edu/catalog/10651.html

http://www.nap.edu/catalog/10651.html


158 THE RESISTANCE PHENOMENON

Torrence, ME. 2001. Activities to address antimicrobial resistance in the United States. Pre-
ventive Veterinary Medicine 51:37–49.

U.S. Government. 2001. A Public Health Action Plan to Combat Antimicrobial Resistance.
[Online]. Available: http://www.cdc.gov/drugresistance/actionplan.

Wachter DA, Joshi MP, Rimal B. 1999. Antibiotic dispensing by drug retailers in Kathmandu,
Nepal. Tropical Medicine and International Health 4:782–788.

Walson JL, Marshall B, Pokhrel BM, Kafle KK, Levy SB. 2001. Carriage of antibiotic-resis-
tant fecal bacteria in Nepal reflects proximity to Kathmandu. Journal of Infectious
Diseases 184:1163–1169.

Weinstein RA and Kabins SA. 1981. Strategies for prevention and control of multiple drug-
resistant nosocomial infection. American Journal of Medicine 70:449–454.

WHO (World Health Organization). 1998. Use of Quinolones in Food Animals and Potential
Impact on Human Health. [Online]. Available: http://www.who.int/emc-documents/
zoonoses/whoemczdi9810c.html.

WHO. 2000. WHO Global Principles for the Containment of Antimicrobial Resistance in
Animals Intended for Food. Report of a WHO Consultation with the Participation of
the Food and Agriculture Organization of the United Nations and the Office Interna-
tional des Epizooties. Geneva, Switzerland 5–9 June 2000. [Online]. Available: http://
www.who.int/emc/diseases/zoo/who_global_principles.html.

WHO. 2001. WHO Global Strategy for Containment of Antibiotic Resistance. Geneva:
WHO.

Winstanley P. 2001. Modern chemotherapeutic options for malaria. The Lancet Infectious
Diseases 1:242–250.

Copyright © National Academy of Sciences. All rights reserved.

The Resistance Phenomenon in Microbes and Infectious Disease Vectors:  Implications for Human Health and Strategies for Containment -- Workshop Summary
http://www.nap.edu/catalog/10651.html

http://www.nap.edu/catalog/10651.html


159

6

Emerging Tools and Technology for
Countering Resistance

OVERVIEW

Most efforts to overcome problems resulting from microbial resistance
have been aimed at either extending the useful life of current drugs or
developing new drugs. But the first approach, which has typically involved
developing slightly different chemical derivatives, has provided only mar-
ginal gains, and the second approach has in recent decades produced only a
single new chemical class of antibiotics. And while many observers suggest
that the genomics revolution may be opening promising new avenues for
exploration, it has yet to populate the pharmaceutical development pipeline
with new classes of compounds.

The focus of this session of the workshop was on examining advances
in our understanding of the genetics and biochemistry of a variety of patho-
gens, and on exploring how this knowledge might lead to novel approaches
to developing new drugs and other tools and technologies to help counter
the spread of antimicrobial resistance.

Among the antibiotics discussed was the important family of β-lactams,
which include penicillin, methicillin, oxacillin, and the newer cephalospor-
ins. Recent research has revealed at least four strategies by which bacteria
develop resistance to these antibiotics. The most common tactic involves
certain enzymes, called β−lactamases, that break apart critical components
of the drugs. Knowing the details of these mechanisms may provide scien-
tists with new targets to attack in designing drugs that can circumvent a
microbe’s natural defenses.
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Another research group is taking a radically different approach to drug
design. Since most bacteria enter humans at a mucous membrane site, such
as the upper and lower respiratory tract or the intestines, these locations act
as reservoirs for many pathogens. However, there currently are no drugs
that can kill pathogens on mucous membranes without killing surrounding
normal bacteria as well, and physicians therefore must wait for infection to
occur systemically before treating the patient. If it were possible to safely
deplete this disease reservoir on mucous membranes, then it might be pos-
sible to markedly lower the incidence of infections. Toward this end, the
scientists have developed a new type of reagent, called lytic enzymes, that
can prevent infection by specifically destroying pathogenic bacteria on mu-
cous membranes. The enzymes might prove especially useful in hospitals,
nursing homes, daycare centers, and other locations where bacterial infec-
tions often run rampant.

Participants also examined how the current regulatory approval pro-
cess for moving new drug candidates to market might be modified to help
reduce problems of antimicrobial resistance. Drug developers now must
conduct extensive clinical trials to evaluate whether their agent achieves a
clinical cure; that is, whether it frees recipients of symptoms. But this marker
may not show whether the drug actually killed all of the pathogens—an
important requirement for minimizing the emergence of resistance. One
suggestion is to examine the pharmacokinetics and pharmacodynamics of
new drugs as a complementary part of the approval process. This technical
approach, known as PK/PD, is built on taking regular cultures from a
person receiving a therapeutic agent and determining when pathogenic
microbes are no longer present. In this way, the technology offers a direct
measure of the agent’s ability not only to cure the patient but also to
completely eliminate the pathogen.

EVOLUTION OF MULTIPLE MECHANISMS OF RESISTANCE TO
β-LACTAM ANTIBIOTICS

Dasantila Golemi-Kotra, Ph.D., Sergei Vakulenko, M.D.,
Ph.D., and Shahriar Mobashery, Ph.D.

Departments of Chemistry, Pharmacology and
Biochemistry and Molecular Biology

Institute for Drug Design, Wayne State University, Detroit, MI

Major discoveries in antibiotics were made in succession from the 1950s
through the 1970s, an era that has come to be known as the “Golden Age
of Antibiotics.” These accomplishments created a sense of euphoria in the
medical community as it perceived that bacterial infections were curable.
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Victory over bacteria was declared and financial resources were redirected
toward more pressing scientific questions. By the late 1980s to the early
1990s, many pharmaceutical companies stopped research for discovery and
development of new types of antibiotics, a trend that was shadowed by
federal agencies such as the National Institutes of Health that showed more
inclination to support studies of non-microbial systems during that period.

Meanwhile, liberal use of antibiotics in the clinics, in agriculture, in
aquaculture, and in animal husbandry was facilitating a quiet revolution in
microbial populations. These events resulted in antibiotic-resistant organ-
isms that were perfectly treatable a decade or two earlier. These organisms
were included among those defined as re-emerging infectious agents (IOM,
1992; Heymann and Rodier, 2001). While this trend was progressing
steadily over the past decades, previously unknown infectious agents were
also being discovered (WHO, 1996; Desselberger, 2000).

Acquired resistance to antibiotics can develop rapidly. As depicted in
Figure 6-1, it takes typically a mere one to four years for clinical resistance
to emerge for any antibiotic. The beginning of each arrow in Figure 6-1
indicates the time point when the given antibiotic was introduced to the
clinic and the tip of the arrow indicates when resistance to it emerged.

Whereas the data of Figure 6-1 speak for themselves, three examples
are worthy of a brief comment. The arrow is in reverse for penicillin G,
since the first case of resistance to penicillin was reported two years prior to
the first large-scale clinical use of penicillin in 1942 (Abraham and Chain,
1940). The resistant organism harbored a β-lactamase, an enzyme that to
the present day is the major cause of resistance to β-lactam antibiotics.
Figure 6-1 would seem to indicate that resistance to nalidixic acid took
roughly 20 years to develop. This is true in part due to the antibiotic glut in
the late 1950s into the 1960s. There were so many effective antibiotics that
nalidixic acid was not used. Indeed, when quinolone and fluoroquinolone
antibiotics, the structural descendants of nalidixic acid, were introduced to
the clinic in earnest in the middle to late 1980s, resistance to them devel-
oped very rapidly.

The example of the first clinically used oxazolidinone, linezolid (Zyvox;
Pharmacia, Inc.), is noteworthy. Linezolid was approved for clinical use in
the United States in April 2000. It is an especially active antibiotic against
infections caused by multi-drug-resistant gram-positive bacteria, including
methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant
enterococci (VRE) and penicillin-resistant Streptococcus pneumonia (Fung
et al., 2001). Linezolid binds the bacterial ribosome reversibly and inhibits
initiation of protein biosynthesis by preventing the formation of a ternary
complex among tRNAfMet, mRNA, and the ribosome (Swaney et al., 1998).
The propensity of emergence of resistance to linezolid in S. aureus and S.
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epidermis is less than 10-9 (Kaatz and Seo, 1996). Studies have revealed that
single-point mutations clustered in the DNA region encoding the central
loop of the domain V of 23S rRNA cause resistance (Swaney et al., 1998;
Gonzales et al., 2001; Prystowsky et al., 2001; Tsiodras et al., 2001).
Because of the critical importance of the ribosome for survival of any
organism, there exists redundancy in the genes for the ribosomal RNA to
ensure that mutations in any one gene would not prove fatal. It would
appear that mutation of one to three of these genes is necessary for manifes-
tation of resistance to linezolid, and this indeed has happened. Clinical
resistance to linezolid emerged in a mere seven months after its introduction
to the clinic (Fung et al., 2001).

In principle, the genes that would confer resistance to an antibiotic
could be acquired or could evolve. Gene acquisitions could take place as
DNA sequences are shared among organisms by conjugation, transforma-
tion, and transduction or by classical recombination and transposition
(Bennett, 1999). However, the issue of evolution of a resistance determi-
nant is less commonly appreciated (Mobashery and Azucena, 2002). Many
stretches of genes encode proteins that serve adventitious functions in addi-
tion to their physiological ones. These genes may be duplicated, and the
fates of the copies could take them in disparate evolutionary tangents. One
would encode the protein for the physiological function and the other may
evolve to confer resistance to the antibiotic. Despite the fact that bacteria
have enzymes for repair of genetic damage, random mutations do occur in
bacteria and the rate is typically 10-10. Considering the fact that the sizes of
bacterial genomes are large (e.g., Escherichia coli K-12 has 4.6 × 106 base
pairs) and that population sizes of bacteria in infections can also be very
large (107 cells/ml for infections of blood and 109 cells/ml for infections of
tissues), the opportunities for emergence of mutant variants are plentiful.
These three factors taken together would indicate that there may be as
many as 105 to 106 mutations per milliliter of bacteria growth, hence these
populations are not homogeneous (Mobashery and Azucena, 2002).

These mutations occur at random throughout the genome. Some are
silent, others are lethal, yet many may cause an incremental change in the
organism that would not result in undue survival hardship to the organism.
In the face of the challenge by a given antibiotic, should one or more of
these mutant variants be better fit to survive, it would be selected at the
expense of the susceptible organisms. The given selected gene for the pro-
tein that confers resistance may continue to evolve as a resistance determi-
nant from that point on. For all members of the seven major classes of
antibiotics (i.e., β-lactams, aminoglycosides, fluorquinolones, glycopeptides,
macrolides, tetracyclines, and sulfonamides) there are documented mecha-
nisms for resistance. Often, there are multiple known mechanisms for resis-
tance to each.
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A full discussion of the various mechanisms of resistance to all known
antibiotics is outside the scope of this report, although such reviews have
appeared in the literature (Kotra et al., 2000; Walsh, 2000; Poole, 2001;
Golemi-Kotra and Mobashery, 2002; Mobashery and Azucena, 2002). In
this report we concentrate on the case of the mechanisms of resistance to β-
lactam antibiotics (i.e., penicillins, cephalosporins, carbapenems, etc.). As
will be presented below, this has been a fertile field for evolution of resis-
tance, which represents a well-studied microcosm of diversity that must
also exist in the microbial world for other antibiotics that await discovery.

There are at least four documented mechanisms for resistance to β-
lactam antibiotics (see Table 6-1). The first and the most common mecha-
nism is the occurrence of β-lactamases, enzymes that hydrolyze and destroy
β-lactam antibiotics. The reaction of β-lactamases with a penicillin is given
in Figure 6-2. Over 340 distinct β-lactamases have been identified in bacte-
ria (Bush and Mobashery, 1998; Bush, 1999). These enzymes fall into four
classes: A to D. Enzymes of class B are zinc-dependent, and the remaining
three classes are enzymes that depend on a catalytic serine in their mecha-
nisms of action. These serine-dependent enzymes experience acylation at
the serine by the substrate, and the acyl-enzyme species subsequently under-
goes an enzyme-promoted deacylation that liberates the enzyme for addi-
tional catalytic cycles and releases the product of the reaction (Bush and
Mobashery, 1998; Massova and Mobashery, 1998).

The three classes of β-lactamases that pursue this strategy all share the
acylation event but differ significantly in the deacylation steps. The differ-
ences include the direction of the approach of the hydrolytic water and the
mechanism of the enzyme-promoted step. In the case of class A enzymes, a
glutamate (Glu-166) promotes the hydrolytic water from one face of the
acyl-enzyme species (Strynadka et al., 1992; Miyashita et al., 1995;
Maveyraud et al., 1998; Mourey et al., 1998). The class C enzymes pro-

TABLE 6-1 Four Known Mechanisms of Resistance to β-lactam
Antibiotics

1. The catalytic function of β-lactamases (gram-positive and gram-negative)

2. DD-Transpeptidases that resist acylation by β-lactam antibiotics (gram-positive;
MRSA)

3. Loss of porins or their alteration to reduce penetration into periplasm (gram-
negative)

4. Selection of the LD-transpeptidase activity (documented only for E. faecium)
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mote the hydrolytic water from the opposite face and they use a different
residue (a tyrosine) along the substrate amine as the basic entities (Bulychev
et al., 1995, 1997; Patera et al., 2000). Class D enzymes are different yet.
These enzymes, in contrast to the cases of enzymes of classes A and C,
pursue a symmetric mechanism for the two-step reaction by having a highly
unusual carbamylated lysine that serves the role of a base for both steps of
catalysis (Maveyraud et al., 2000; Golemi et al., 2001; Maveyraud et al.,
2002). These observations argue for independent evolutions for all four
classes of β-lactamases (Massova and Mobashery, 1998). Structural evi-
dence argues that the family of penicillin-binding proteins (PBPs) is related
to that of β-lactamases (Kelly et al., 1998; Massova and Mobashery, 1998).
A sequence alignment of all known classes of β-lactamases and PBPs has
supported the mechanistic assertion for independent evolution of each β-
lactamase. It indicated that evolution of β-lactamases took place relatively
recently on the evolutionary time scale and it did so at branching points for
diversification of the biosynthetic PBPs (Massova and Mobashery, 1998).

These enzymes are extremely effective at what they do. It has been
shown that class A and class C β-lactamases have reached catalytic perfec-
tion in that they operate at the diffusion limit (Hardy and Kirsch, 1984;
Bulychev and Mobashery, 1999). Many others also function at or near the
diffusion limit. We have shown that the class D OXA-10 β-lactamase from
Pseudomonas aeruginosa is present in the periplasmic space of clinical
strains in concentrations of 4–15 µM (Golemi et al., 2001). This will amount
to as many as 1,200 molecules of the enzyme per bacterium. Considering
the fact that each molecule of the enzyme turns over 1,500 molecules of
cloxacillin (a penicillin) per second, each organism destroys 1.8 million
molecules of the drug per second.

The second mechanism for resistance to β-lactam antibiotics is seen in
gram-positive bacteria. The case of methicillin-resistant Staphylococcus
aureus (MRSA) exemplifies this category. S. aureus has acquired a penicil-
lin-binding protein (PBP 2a) that has the ability to carry out the functions of
the other four PBPs that are normally present in this organism (Pinho et al.,
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FIGURE 6-2 Hydrolytic reaction of β-lactamases results in products that lack anti-
bacterial activity.
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2001a). However, this PBP resists the inhibitory properties of all clinically
used β-lactam antibiotics. Hence, MRSA survives the treatment by these
commonly used antibiotics (Roychoudhury et al., 1994; Pinho et al., 2001b).
In light of the fact that MRSA has become resistant to many other classes of
antibiotics, it is currently a serious clinical problem. There are a number of
projects in the pharmaceutical industry for development of specific cepha-
losporins that bind to PBP 2a of S. aureus (Chamberland et al., 2001;
Hebeisen et al., 2001; Johnson et al., 2002; Wootton et al., 2002).

Antibiotics must penetrate the bacterial envelope to reach their targets.
The protective effect of the gram-negative envelope is more than that of the
gram-positive organisms in light of the presence of the outer membrane in
the former. The outer membrane is a bilayer sheath that encloses the entire
organism. Nutrients penetrate this membrane by traversing the porin chan-
nels. Porins are integral outer-membrane proteins that create water-filled
channels through the outer membrane. β-lactam antibiotics also need to go
through these channels, which set an upper limit of 700–1000 Da for the
antibiotic size. It has been known that some organisms may eliminate cer-
tain porins or may acquire alterations to the structure of a specific type of
porin to limit penetration of the antibiotic into the periplasmic space. This
mechanism has been shown to be operative against certain carbapenem
antibiotics (Martinez-Martinez et al., 2000; Ochs et al., 2000). It is not very
common because the loss of porins or their structural alteration would have
implications for potential survival of the organism as well.

The fourth mechanism of resistance to β-lactam antibiotics is seen only
in Enterococcus faecium. Bacteria are required to cross-link the peptidogly-
can strands of their cell wall in order to be viable. The cross-linking reac-
tion is carried out by some PBPs referred to as DD-transpeptidases, because
the enzymes link one strand of the peptidoglycan to the site of the acyl-D-
Ala-D-Ala of the second strand. These enzymes recognize the unusual D-
Ala-D-Ala entity of the peptidoglycan structure in their substrates. It would
appear that E. faceium has evolved an entirely new PBP that is referred to as
LD-transpeptidase. This enzyme attaches the first peptidoglycan strand to
the L-amino acid adjacent to the D-Ala-D-Ala moiety, hence it is referred to
as the LD-transpeptidase (Mainardi et al., 2000). This is essentially a by-
pass mechanism, since the LD-transpeptidase is insensitive to β-lactam an-
tibiotics.

Concluding Remarks

We have disclosed in this report that nature has devised at least four
strategies for resistance to β-lactam antibiotics in bacteria. Of these, the
most prevalent is the occurrence of β-lactamases. Four distinct and inde-
pendent mechanisms have evolved for the catalytic functions of these en-
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zymes. Individually, these enzymes have undergone additional diversifica-
tion. For example, a total of 102 variants of the TEM-1 β-lactamases from
E. coli have been reported as of January 2002. These observations provide
strong evidence that random mutation and selection would lead along a
different evolutionary tangent depending on when the event takes place, in
what organism, and what resources were available to the organism.

USING PHAGE LYTIC ENZYMES TO CONTROL
ANTIBIOTIC-RESISTANT PATHOGENIC BACTERIA ON

MUCOUS MEMBRANES

Vincent A. Fischetti, Ph.D.*

Rockefeller University, New York, NY

Nearly all bacteria infect at a mucous membrane site (upper and lower
respiratory, intestinal, urogenital, and ocular). In addition, the human mu-
cous membranes are a reservoir for many pathogenic bacteria found in the
environment (e.g., pneumococci, staphylococci, streptococci) some of which
are resistant to antibiotics. In most instances, it is this reservoir that is the
focus of infection in the population (Coello et al., 1994; de Lencastre et al.,
1999; Eiff et al., 2001). To date, except for polysporin and mupirocin
ointments, there are no anti-infectives that are designed to control patho-
genic bacteria on mucous membranes; we must first wait for infection to
occur before treating. Because of the fear of developing resistance, antibiot-
ics are not indicated to control the carrier state of disease bacteria. It is
clear, however, that by reducing or eliminating this human reservoir, the
incidence of disease in the community will be markedly reduced. Our labo-
ratory has developed enzymes that are designed to prevent infection by
safely and specifically destroying disease bacteria on mucous membranes.
For example, enzymes specific for S. pneumoniae and S. aureus may be used
nasally to control these organisms in day care centers, hospitals, and nurs-
ing homes to prevent or markedly reduce both transmission and serious
infections caused by these bacteria.

We accomplish this by capitalizing on the efficient system developed by
bacteriophage to kill bacteria. When bacteriophage infect their host bacte-
ria to produce progeny virus particles, they are faced with a problem: to
release the progeny phage particles trapped in the bacterium at the end of
the replicative cycle. They solve this problem by producing an efficient

*Acknowledgment: Supported by a grant from the Defense Advance Research Project
Agency (DARPA).
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168 THE RESISTANCE PHENOMENON

enzyme termed lysin that rapidly degrades the cell walls of the infected
bacteria to release the phage progeny (Young, 1992).

We have identified and purified these phage-encoded enzymes and
found that when applied externally to gram-positive bacteria, the bacteria
are killed seconds after contact (Loeffler et al., 2001; Nelson et al., 2001).
For example, 107 group A streptococci could be reduced to an undetectable
level ten seconds after enzyme addition. To date, except for chemical agents,
there is no biological compound known that can kill bacteria this quickly.
Such phage lytic enzymes are the culmination of billions of years of devel-
opment by the bacteriophage during their association with bacteria.

Enzyme Structure

A feature of those phage lytic enzymes that have been characterized so
far is their two-domain structure (Diaz et al., 1990; Garcia et al., 1990).
Generally, the N-terminal domain contains the catalytic activity of the
enzyme that will cleave one of the four major bonds in the peptidoglycan of
the bacterial cell wall. This activity may be an endo-beta-N-
acetylglucosaminidase or N-acetylmuramidase (lysozyme), both of which
act on the sugar moiety, an endopeptidase which acts on the peptide cross
bridge, or an N-acetylmuramyl-L-alanine amidase (or amidase) which hy-
drolyzes the amide bond connecting the sugar and peptide moieties (Young,
1992). Of the phage lytic enzymes that have been reported thus far, the
great majority are amidases. The C-terminal domain of phage lytic enzymes
has specificity for a cell wall substrate (Garcia et al., 1988; Lopez et al.,
1992, 1997). Thus, unless the binding domain binds to its wall substrate
the catalytic domain will not cleave, offering specificity to the enzyme. The
reason for this specificity was not apparent at first, since it seemed counter-
intuitive that the phage would specifically design an enzyme that was lethal
for its host organism. However, as we learned more about how these en-
zymes function, the possible reason for this specificity became apparent (see
below, Resistance).

Mode of Action

By thin section electron microscopy of phage enzyme-treated bacteria,
it appears that the enzymes exert their lethal effects by digesting the pepti-
doglycan, forming holes in the cell wall. This results in extrusion of the
cytoplasmic membrane and, ultimately, hypotonic lysis (see Figure 6-3).
Isolated cell walls treated with lysin are cut into pieces (see Figures 6-4 and
6-5), verifying the results seen with intact bacteria.
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Targeted Killing

An interesting feature of these enzymes is that they kill the species of
bacteria from which they were produced. For instance, enzymes produced
from streptococcal bacteriophage kill streptococci, and enzymes produced
by pneumococcal bacteriophage kill pneumococci (Loeffler et al., 2001;
Nelson et al., 2001). Specifically, the group A streptococcal lysin will kill
group A streptococci efficiently, and has a small effect on groups C and G
streptococci, but essentially no effect on normal oral streptococci (see Fig-
ure 6-6).

Similar results are seen with a pneumococcal-specific lysine; however,
in this case, the enzyme was also tested against strains of pneumococci that
were resistant to penicillin and the killing efficiency was the same. Unlike
antibiotics, which are usually more broad in their spectrum and kill many
different bacteria found in the human body, some of which are beneficial,
the phage enzymes kill only the disease bacteria with little to no effect on
the normal human bacterial flora. Thus, the phage enzymes are molecules

FIGURES 6-3–6-5 Effects of lysin on whole bac-
teria and cell walls. (Fig 6-3) Thin section elec-
tron micrographs of whole group A streptococci
treated with C1 phage lytic enzyme for 15 sec-
onds. A bacterium is seen in which a hole has
been digested in the cell wall allowing the cyto-
plasmic membrane to become externalized re-
sulting in osmotic lysis and death. Isolated group
A streptococcal cell walls pre (Fig 6-4) and post
(Fig 6-5) treatment with phage enzyme. Enzyme-
treated cells exhibit pieces of wall in this thin
section indicating that holes have been digested
in the structure.
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that enable targeted killing of pathogenic bacteria with little effect on the
surrounding normal flora. The group A streptococcal enzyme was tested
for safety in two animal model systems, one mucosal and the other skin.
When enzyme was added to these surfaces daily for 7 days, and the tissues
examined both visually and histologically, nothing unusual was observed.
This was not surprising since the bonds cleaved by the phage enzymes are
only found in bacteria and not mammalian tissues. Thus, it is anticipated
that these enzymes will be well tolerated by the human mucous membranes.

In Vivo Experiments

Two in vivo animal models of mucosal colonization were developed to
test the capacity for the lysins to kill organisms on these surfaces. An oral
colonization model was developed for group A streptococci and a nasal
model was developed for pneumococci (Loeffler et al., 2001; Nelson et al.,
2001). In both cases, when the animals were colonized with their respective
bacteria and treated with a small amount of lysin specific for the colonizing
organism, the animals were found to be free of colonizing bacteria two to
five hours after lysin treatment (see Figures 6-7 and 6-8). In the group A
streptococcal experiment, animals were also swabbed 24 and 48 hours after
lysin treatment. During that time most animals remained negative for strep-
tococci but one animal had died and two others showed positive colonies

(2 hr)
Day 4

0
0

0
0

0
0

0
0
0

0/9

Day 5       Day 6
(24 hr)     (48 hr)

  0            200
 50            0

  0             0
  0             0
Dead    Dead

 ND          0
 ND          0

 ND          0
 ND          0

2/5         2/9

Mouse           Day 1       Day 2       Day 3      Day 4

Lysin

•            >300       >300       >300       >300
•            >300       >300       >300       >300
•            >300       >300       >300       >300

•            >300       >300       >300       >300
•            >300       >300       >300       >300

•            >300       >300       >300       >300
•            >300       >300       >300       >300
•            >300       >300       >300       >300

•            >300       >300       >300       >300

Total      9/9          9/9          9/9          9/9

107

Strep

FIGURE 6-7 Elimination of group A streptococci from the mucosal surface of
colonized mice. Mice were colonized with streptococci orally followed by oral
swab for 4 days. At this time they were treated orally with phage lysin and swabbed
2, 24, and 48 hours later. Figures are colony-forming units of streptococci recov-
ered. ND = not determined.
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FIGURE 6-8 Killing pneumococci in vivo.  Elimination of S. pneumoniae serotype
14 in the mouse model of nasopharyngeal carriage. (A) After nasal and pharyngeal
treatment with a total of 1,400 µg of Pal enzyme, no pneumococci were retrieved in
the nasal wash, compared to buffer-treated colonized mice (p < 0.001). No pneu-
mococci were isolated from non-colonized control mice (controls). (B) After treat-
ment with a total of 700 µg of Pal enzyme, pneumococci were completely eliminat-
ed in 5 of 8 colonized mice (p < 0.001) and overall significantly reduced.
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(see Figure 6-7). We interpret these results to mean that the positive animals
became infected during the first four days of colonization where some
organisms became intracellular. Thus, while the lysin is able to clear organ-
isms found on the surface, it was unable to kill organisms that had initiated
an infection. We ruled out the possibility that the organisms that appeared
in 24 and 48 hours did so because they became resistant to the lysin by
assessing them for their sensitivity to the lysin.

Killing Biowarfare Bacteria

Because phage enzymes are so efficient in killing pathogenic bacteria,
they may be a valuable tool in controlling biowarfare bacteria. To deter-
mine the feasibility of the approach we identified a lytic enzyme from the
gamma phage that is specific for Bacillus anthracis (Watanabe et al., 1975).
By cloning the gamma lysin we identified a ~700 bp ORF in the phage
genome encoding a 26 kDa product very similar in size and features to a
variety of Bacillus, Listeria, and Mycobacteria phage lysins. The gamma
lysin, referred to as PlyG, was then purified to homogeneity by a two-step
chromatographic procedure and tested for its lethal action on gamma
phage sensitive bacilli. Three seconds after contact, as little as 100 units of
PlyG (10 µg) mediated a 5,000-fold decrease in viable counts of a ~107

Bacillus culture (Schuch et al., 2002). This lethal activity was observed in
growth media, phosphate buffer, and even human blood. When the enzyme
was then tested against five mutant B. anthracis strains and ten different
virulent B. anthracis strains isolated worldwide, it was found to be lethal
for them all (Schuch et al., 2002). Although PlyG has no effect on bacillus
spores, we discovered that by heat shocking at 60°C and the addition of the
germinant L-alanine results in rapid generation of spores which are sensi-
tive to the action of the PlyG enzyme. For example, 108 spores heat-acti-
vated for 5 minutes and treated with L-alanine for 5 minutes were reduced
in viability by 4-logs after a 5-minute treatment with PlyG.

When 106 bacilli were administered intraperitoneally (IP) to 15 mice all
of the animals died of rapidly fatal septicemia within four hours. When a
second set of 13 mice was also challenged IP with bacilli but given only 150
µg of PlyG 15 minutes later by the same route, 77 percent of the animals
recovered fully, and the remaining died within 6–21 hours (Schuch et al.,
2002). We anticipate that higher doses or repeated treatment of enzyme
will result in nearly 100 percent protection.

Resistance to Enzymes

Repeated exposure of bacteria grown on agar plates to low concentra-
tions of lysin did not lead to the recovery of resistant strains. Nor were we
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able to identify resistant bacteria after several cycles of exposure to low
concentrations of enzyme in liquid medium (Loeffler et al., 2001). This may
be explained by the fact that the cell wall receptor for the pneumococcal
lysin is choline (Garcia et al., 1983), a molecule that is necessary for pneu-
mococcal viability. For group A streptococci, we find that polyrhamnose, a
cell wall component of the bacteria, is necessary for lysin binding (Nelson
and Fischetti, unpublished data), and polyrhamnose has also been shown to
be important for streptococcal growth. While not yet proven, it is possible
that during a phage’s association with bacteria over the millennia, to avoid
becoming trapped inside the host, the binding domain of their lytic enzymes
has evolved to target a unique and essential molecule in the cell wall,
making resistance to these enzymes a rare event.

Concluding Remarks

Phage lytic enzymes are new agents for the control of bacterial patho-
gens. Since this capability has not been previously available, its acceptance
may take a while. For the first time we are able to specifically kill pathogens
without affecting the surrounding normal bacteria. Whenever there is a
need to kill bacteria, and contact can be made with the organism, phage
enzymes may be freely utilized. They may not only be used to control
pathogenic bacteria on human mucous membranes, but may find utility in
the food industry to control disease bacteria without the extensive use of
antibiotics in feed or harsh agents to decontaminate. Because of the serious
problems of antibiotic-resistant bacteria in hospitals, day care centers, and
nursing homes, particularly staphylococci and pneumococci, such enzymes
will be of immediate benefit in these environments. The enzymes isolated
thus far are remarkably heat stable (up to 60°C) and are very easy to
produce in a purified state, resulting in pennies a dose to manufacture.
Thus, we may add phage enzymes to our armamentarium against patho-
genic bacteria. They are molecules that have been in development for mil-
lions of years by bacteriophage in their battle to survive within bacteria. All
we have done is exploit them.

ROLES FOR PHARMACOKINETICS AND PHARMACODYNAMICS
IN DRUG DEVELOPMENT FOR RESISTANT PATHOGENS

Jerome J. Schentag, Pharm.D. and Alan Forrest, Pharm.D.

University at Buffalo School of Pharmacy, Buffalo, NY

Antimicrobial resistance is a troubling problem, but not all patients
have it, and some appear to overcome it even without new antibiotics. As a
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consequence, newly marketed antibiotics that cost more are placed on the
reserve list, not to be used unless their price either drops to the level of the
older generics, or unless an individual patient is failing to respond to other
therapies. These issues have made an impact on antibiotic development.
When there is no profit from the use of the new antibiotics, the incentive to
develop them disappears. It was pointed out that a number of large phar-
maceutical companies had either recently exited the antibiotic development
business, or were openly contemplating this move in the near future. Disas-
ter loomed large in the audience, because the only solution to the resistance
problem that enjoyed unanimous support was a robust pipeline of new
antibiotics and many companies involved in their development.

Stakeholders (industry, the Food and Drug Administration [FDA], and
academia) need to gather and decide as a group what improvements can be
made in the drug development process for antibiotics. The industry needs
regulatory assistance to lower antibiotic development costs, and in return
they must produce a pipeline containing a wider variety of new chemical or
biological entities that deserve use (but only) when they are needed. We
cannot expect a wide variety of choices of many chemical classes, unless
many companies stay in the hunt for new antibiotics. We believe there are
a number of issues that can be addressed in the course of human trials that
will lower costs and speed time to approval.

Current and Alternative Means of Developing Antibiotics

The typical New Drug Application (NDA) contains data on antibiotic
efficacy and safety in 3,000–5,000 patients. By study design, these NDAs
contain no patients with organisms resistant to either the new drug or to
existing agents, because under current design specifications for equivalence
trials, all patients with an organism resistant to either the new drug or the
comparator are excluded from the trials before data analysis. Equivalence
cannot be served, after all, if some of the patients on conventional therapy
would be expected to fail. The logic of this design has persisted since the
1970s, when marketing an antibiotic required only safety and efficacy
equivalent to what was already on the market. The legacy of equivalence
models is a large number of closely related compounds with marginal dif-
ferences, and the need for aggressive sales and marketing efforts to differen-
tiate them after marketing.

The links between strategy and resistance go well beyond the equiva-
lence model. For example, it is widely believed that antibiotics must have
only a one-dosage regimen for all patients. This is considered a strategic
advantage, because if one is successful in demonstrating efficacy and safety
equivalent to the older comparators, one dosage regimen fosters wide-
spread use. Unfortunately, the fixed dose may under- or over-expose some
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bacterial pathogens, and this situation in the face of monopolistic use cre-
ates maximal opportunities for selection pressure. This combination of
factors can bring about a speedy end to the drug because of selection of
resistant strains (Schentag, 1995). We shall return to this particular prob-
lem using the example of the fluoroquinolones (FQ) in pneumococcal pneu-
monia (Schentag et al., 2001a; 2001b) later in this paper.

Obviously, the equivalence model is useless if the question is to estab-
lish superiority on the basis of greater action against resistant organisms. If
the development plan for the new antibiotic calls for replacement of an
older one that is losing effectiveness because of resistance, forcing this new
antibiotic to become equivalent to this older antibiotic places the new
antibiotic at a competitive disadvantage. Patients who would contribute to
superiority arguments are usually excluded from consideration in equiva-
lence models, since both comparators must be active in order to retain the
patient in the trial database used to determine equivalence.

The alternative study design for this new antibiotic is a superiority trial.
When the goal is to show the new antibiotic as being better for the treat-
ment of resistant pathogens, this should become the standard model. Indus-
try suspects that demonstration of clear superiority would result in low
usage during the time when most pathogens are at least somewhat suscep-
tible to the older antibiotics. Low use results in low profit, and a longer
time to recover the investment in the antibiotic development and market-
ing. But it appears that equivalence also results in low use in some cases. We
encounter this dilemma with the newer gram-positive antibiotics. Clinicians
only use the newer gram-positive antibiotics in situations where there is
clinical failure of vancomycin, or when bacterial pathogens are resistant to
vancomycin (Moise and Schentag, 2000; Schentag, 2001). With equiva-
lence in trials as their only argument, there is low use of the replacement
antibiotics because of their high selling price.

So why do a superiority trial, given the risks of use only when needed?
Quite simply, if the new agent has any safety problems at all, equivalence to
old but widely used antibiotics will no longer be sufficient reason to allow
it on the market, especially if the existing market is largely satisfied by the
conventional antibiotics. Recently, it is clear that new agents must be supe-
rior just to reach the market in the first place.

So how does industry best manage antibiotic regulatory risk in the next
few years, assuming they do not withdraw from antibiotic development?
Let us first discuss the setting of an antibiotic for community infections,
with wide potential to be a “blockbuster” product. Here it seems most
prudent to gather antibiotic experience data both for equivalence (i.e.,
3,000–5,000 patients) on safety and efficacy and to perform some targeted
superiority studies to establish medical need, just in case there might be
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safety problems of nearly any degree. Demonstration of the safety of a new
agent will ordinarily be a sufficient justification to collect the large num-
bers, and equivalence might be the goal here on efficacy, so that may be
affirmation of the currently accepted procedure. The additional challenge is
to manage the targeted superiority trials, which need to be submitted at the
time of the NDA. These studies either can be performed on a subset of the
safety population or they can be added on to subsets of the equivalence
population. A third possibility, in the event that neither of the above will
work, is to conduct the superiority trial as a free-standing study. If con-
ducted late, after safety problems arise, the superiority trial must certainly
be done free-standing.

What about the antibiotic that is clearly superior, but the market is a
niche? The good news on superiority is that if the new antibiotic is truly
superior, it does not require large numbers of patients to prove it, especially
if you use a microbiological response. If the patient is failing conventional
therapy with a resistant organism, and you change to an antibiotic effective
against that pathogen, you should be rewarded by a cure (both microbio-
logically and clinically). This mentality is pervasive in the real world, but is
just coming to the attention of the regulatory debates that occur in advisory
committee meetings focused on equivalence design and equivalence-based
statistical modeling.

The problem we typically encounter is that superiority is only rarely as
black and white as the same dose of one drug always being superior to the
same dose of the other. Most antibiotics perform differently as the mini-
mum inhibitory concentration (MIC) of the pathogen varies and as you
change the dose of the drug (Schentag et al., 1991, 1996, 1997, 1998,
2001b; Schentag, 1999a, 2001). The “one dose for all” strategy (Schentag,
1998) offers many opportunities for low exposure (i.e., low area under the
inhibitory time curve [AUIC]) and failure, and for high exposure (renal
failure with high blood levels) and resulting toxicity. Therefore, we see a
major role for pharmacokinetics/pharmacodynamics [PK/PD] and time to
bacterial eradication endpoints in the study of superior responses in failing
patients, as well as in the study of antimicrobial resistance selection. The
benefits of incorporating PK/PD measurements into superiority trials are
clear. Demonstrations of superiority are possible on small numbers of pa-
tients (N = 20 per group can yield statistical significance). This does illus-
trate that for most antibiotics, it is not one dose for all, it is one dose for
each. PK/PD will only rarely allow the conclusion of equivalence (i.e., allow
defeat); one antibiotic is always better than the other when you have enough
information to decide.
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Pharmacokinetics and Pharmacodynamics (PK/PD)

When we discuss PK/PD, we typically use the serum AUC measured in
the patient being treated versus the MIC of the organism infecting that
particular patient. The diagram in Figure 6-9 illustrates the various PK/PD
parameters that can be used to describe the interactions between concentra-
tion and MIC. We prefer the use of the simple ratio termed AUIC, because
it encompasses all the exposure parameters, and has the advantage of being
independent of the oscillations created by different divisions of the same
24-hour dose (Schentag et al., 1996, 1997; Schentag, 1999b). The power of
considering individual patient response as a direct function of PK as AUC,
and PD as the concentration that will kill the organism, becomes apparent
in the statistical treatment of superiority. Every regimen has its own unique
PK/PD predicted outcome, and very little of the overall clinical or microbio-
logical outcomes is left as “random noise.” This is most clearly apparent
when PK/PD is linked to bacterial outcome in bacterially dependent condi-
tions like nosocomial pneumonia (Schentag, 1999b), but it also works if
you target the organism rather than the clinical symptoms in mild infections
such as acute exacerbation of chronic bronchitis (AECB) (Forrest et al.,
1997).
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FIGURE 6-9 Diagram illustrating the relationships between antibiotic serum con-
centrations and MIC. Shown are area under the curve (AUC), peak to MIC, and
time above MIC and AUIC, which is the ratio of AUC over 24 hours to MIC.
SOURCE: Schentag et al., 2001a.
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The most important feature of PK/PD is the use of serial culture to
target outcomes such as the rate (speed) of bacterial killing in the individual
patient. When expressing individual patient PK/PD as AUIC, it is possible
to account for over 80 percent of the variability in (clinical and microbio-
logical) outcomes in a logistic regression model, as well as to determine
how fast the organism dies in the patient, as was shown for ciprofloxacin in
nosocomial pneumonia in Figure 6-10 (Forrest et al., 1993).

If you collect the data, it becomes possible to use PK/PD to explain
selection of a resistant strain when one emerges during therapy, as shown in
Figure 6-11 (Thomas et al., 1998). In this study we modeled the day of
resistance emergence versus the initial exposure profile (described by AUIC)
of the antibiotic regimen (Thomas et al., 1998). Clearly, data of this type
explain clinical failure as a failure to eradicate the organism, and link that
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FIGURE 6-10 Relationships between AUIC values and time to bacterial eradication
in 74 patients treated with ciprofloxacin for nosocomial lower respiratory tract
infection. Each patient had daily tracheal aspirate cultures and the three groups
differed significantly from each other. AUIC values >250 produced over 60 percent
of the patients culture negative on the first day of treatment. AUIC values of 125–
250 required 6 days to convert 60 percent of the cultures to negative, and AUIC
values <125 never eradicated the organism in 70 percent of the patients. These data
illustrate concentration-dependent microbial killing in humans. SOURCE: Forrest
et al., 1993.
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occurrence to a low AUIC. The data were among the first to establish a
predictability to emergence of resistance caused by selection pressure.

Considering Resistance in Antibiotic Development

If the focus of a new antibiotic becomes superiority to existing alterna-
tives, it is necessary to focus on the microbe that fails conventional antibi-
otics. Clinical evidence of failure is also important, but you can receive
confusing information from failure defined in the absence of knowledge
regarding the impact of the antibiotic on the microbe. This is because the
impact of antibiotics is on the organism itself, not necessarily the clinical
symptoms.

There are many conditions that cause clinical symptoms besides the
bacterial pathogen, and there are many things that ablate clinical signs and
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FIGURE 6-11 Relationships between the time cultures remain positive and the
initial AUIC value of a group of 127 patients who initially were infected with
susceptible organisms. Each patient was followed with serial cultures. Those pa-
tients with AUIC <100 demonstrated selection of resistance and overgrowth of
these strains progressively over the monitoring period, and most required changes
in antimicrobial regimen. If the initial AUIC exceeded 101, only 8 percent of the
patients had overgrowth of selected strains resistant to the initial antimicrobial
regimen. These data illustrate that it is most dangerous from a resistance selection
perspective to have too low an AUIC for too long. SOURCE: Thomas et al., 1998.
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symptoms of infection besides successful eradication of the organism. Wit-
ness the simple treatment of fever with an antipyretic, as an example of why
it is necessary to focus on the antimicrobial effect of the antibiotic. In
patients who are severely ill from bacterial infection, it is relatively easy to
measure superiority if an antibiotic works better than a comparator that is
less active. But more often than not, NDAs powered for equivalence ex-
clude these types of patients, because the organism must be susceptible to
both the newer and the older antibiotics to remain in the evaluable popula-
tion.

The impact of the underlying host defense and its potential to confuse
the cause of clinical cure are greatest in modestly ill patients. Host response
(in modestly ill outpatients) is more than sufficient to overcome failure of
the antibiotic to eradicate a pathogen and even selection of resistance.
Many of these patients will not show clinical failure patterns even if they
have selected a resistant pathogen from low AUICs.

Measuring AUIC and Correlations with Selection Pressure Resistance

One means of achieving equivalence even though you may have a
superior antibiotic is to develop and market it at a marginally low dose. We
would like to offer an example of an antibiotic developed at low dosing
using equivalence design, now widely used in the community, where the
selection pressure resulting from low AUICs is rapidly leading to resistance
to the entire class it represents. The example is FQ-resistant Streptococcus
pneumoniae, and the antibiotic cited by virtue of frequency is levofloxacin.

The current party line is that there are no resistance problems with
older FQs such as ciprofloxacin and levofloxacin regarding S. pneumoniae
(Sahm et al., 2000, 2001). Even if this is considered to be a problem, it is
argued that all members of the class are the cause, not one compound. The
core counter-argument is that if one uses a laboratory breakpoint of 8.0
mcg/ml as a definition of resistance to levofloxacin, resistance went from
0.6 percent to 1.2 percent in the United States in 2000–2001 (Whitney et
al., 2000; Doern et al., 2001). Most labs in the United States do not even
test levofloxacin against S. pneumoniae unless requested by clinicians who
are treating a clinical failure (Thornsberry et al., 2001; Davidson et al.,
2002). Fluoroquinolone resistance is widely underappreciated in the labo-
ratories. Testing practices are likely to change quite soon, in the face of a
rapidly growing number of case reports of clinical failures worldwide (Ho
et al., 1997, 1999a, 1999b, 2001; Davidson et al., 2000; Empey et al.,
2001; Schentag et al., 2001b; Urban et al., 2001; Weiss et al., 2001;
Davidson et al., 2002; Kays et al., 2002). Our thesis is that this “low”
incidence of lab-defined resistance is a product of three problems:
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1. The use of a breakpoint of 8.0 mcg/ml, which is well above the
peak concentration of the drug in serum; indeed, a false sense of security
under the circumstances.

2. Microbiology laboratories seldom test levofloxacin against S.
pneumoniae isolates, and even when they do test MICs, the test misses the
single step mutants because hetero-resistant MICs of 1–2 mcg/ml are still
below the breakpoint of 8.0 mcg/ml (Richardson et al., 2001).

3. Every time levofloxacin is used in patients at its current low dose,
its AUIC is below 100, which is the root cause of widespread selection
pressure in the community (Schentag et al., 2001a), and MICs continue to
rise under the breakpoint of 8.0 mcg/ml.

I should like to briefly illustrate this low AUIC question, focusing on
Figure 6-12 (Schentag et al., 2001a; 2001b). First of all, the AUC of
levofloxacin (in a volunteer given a dose of 500 mg) is approximately 48
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FIGURE 6-12 Relationship between levofloxacin pharmacokinetics and organism
MICs of “susceptible” strains. In each case, the AUC of levofloxacin is chosen to be
48, the value typical of normal volunteers and patients with normal renal function.
When the MIC is 0.5 mcg/ml (approximately 10 percent of strains in 2001), the
AUIC is 96. When the MIC is 1.0 mcg/ml (40–50 percent of strains), the resulting
AUIC is 48, and when the MIC is 2.0 mcg/ml (the usual MIC90) for this drug, the
AUIC is 24. These calculations illustrate that the AUIC is below 100 in nearly all
patients treated with levofloxacin, and illustrate a high risk for selection pressure
against S. pneumoniae. SOURCE: Schentag et al., 2001a.
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mcg × hr/ml. The MIC90 of Streptococcus pneumoniae to levofloxacin was
~0.5 mcg/ml in 1995 when the drug was marketed, with an initial AUIC of
96. So at the time of marketing, exposure usually resulted in a borderline
but probably acceptable AUIC, and assisted by the good host defense in
outpatients, the drug appeared to work. The only patients who would be
expected to select resistance in the early days were those infected with a
strain having an occasional MIC higher than 0.5 mcg/ml or the occasional
AUC below 48. Thus, the at-risk population would be younger patients
with good renal function or patients who had already been treated with
prior levofloxacin and had selected an organism.

As the organism MIC rose from widespread use, extreme selection
pressure, and the introduction of one step mutants into the “susceptible”
population, all the organisms progressed to intermediately susceptible
strains with MICs of 1.0–2.0 mcg/ml. The four-fold loss of activity was not
compensated for by increasing the levofloxacin dose four-fold. As the dose
remained 500 mg once daily throughout the rise in MICs, all the AUICs
became 24–48 (see Figure 6-12) unless the patient had some renal failure, in
which case they may have been above 100 on this dose (Ambrose et al.,
2001; Drusano et al., 2001; Nicolau and Ambrose, 2001; Owens et al.,
2001). The consequences of continued and steady selection pressure include
more resistance and eventually clinical failure of a sufficient frequency as to
abandon this and other fluoroquinolones in community infections. If we
wait until all of the organisms out there are resistant to levofloxacin, we
will also lose the rest of the FQs, since most of the double mutants (MICs >
8.0 mcg/ml) selected by levofloxacin are resistant to all of the members of
this antimicrobial class, even the newest ones (Urban et al., 2001).

Superiority trials of antibiotics that are active against this newly mu-
tated S. pneumoniae, such as telithromycin or linezolid, ought to be easy to
carry out. As the clinicians abandon levofloxacin and the FQs, there will be
widespread use of these newer agents for clinical failures of FQs in commu-
nity-acquired pneumonia.

The first task before contemplating a superiority trial versus S.
pneumoniae is to analyze why equivalence trial design did not reveal the
differences that are becoming so clearly apparent in retrospect. We believe
there are a number of reasons:

1. The organism is changing rapidly in response to widespread use at
low AUIC, but this event followed the marketing of levofloxacin for peni-
cillin-resistant S. pneumoniae. The clinical trials themselves did not create
enough selection pressure, because use was not monopolistic at that early
time.

2. Equivalence design studies which brought the drug to market used
cephalosporin comparators, which would logically exclude penicillin-resis-
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tant S. pneumoniae from the study population used to establish equiva-
lence, and would prevent superiority from being discovered. In fact, one
study did conclude superiority (File et al., 1997).

3. Widespread monopolistic use upon marketing, catalyzed by formu-
laries and managed care practices trying to save money, lead to increasing
selection pressure in communities with at-risk, reservoir populations.

4. Equivalence designs only measure outcomes at times approximately
14 days post-cessation of the antibiotics. This obscures the other natural
phenomenon found when antibiotics begin to fail, which is slower and
slower rate of bacterial killing (see Figure 6-13). Two antibiotics which
differ as dramatically as A and B in Figure 6-13 are equivalent if your
endpoint measurement is taken after host response produces resolution in
the case of antibiotic B.

So what could a superiority trial model offer a new antibiotic in this
situation, assuming it was highly active against FQ-resistant pneumococci?
Certainly, you could not establish superiority in a relatively healthy popula-
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FIGURE 6-13 Illustration of the relationships between speed of cure on two differ-
ent antibiotics (A vs. B) and the time that clinical assessment is made in typical
clinical trials. This illustrates why equivalence studies are unlikely to show differ-
ences between two antibiotics that illustrate different rates of killing, such as a
concentration-dependent FQ versus a time-dependent macrolide or beta-lactam.
Serial cultures will clarify these early and more rapid cure patterns and illustrate
differences between the antibiotics. Adapted with permission from Dr. C.H. Night-
ingale, Hartford, CT.
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tion with host defense if your trial endpoint was test of cure at 10–14 days
post-treatment. If the patient population has good host defense and/or signs
and symptoms of infection are modest, you show no differences.

However, if you would collect serial assessments of organism viability
(serial cultures) and if you have serial assessments of infection signs and
symptoms early in therapy, and if you can accurately characterize PK/PD of
each patient, superiority is possible with as few as 20 patients per group
with an active drug. Furthermore, with AUICs and serial cultures on all
patients, you could “probably” differentiate the contribution of the host
defense from that of the antibiotic, and could easily separate time-depen-
dent killing from concentration-dependent killing in the infected patient,
provided that differences are apparent in vitro.

Endpoints

Killing or inhibiting growth of the bacteria is the only measurable effect
of an antibiotic. To further increase the power of discrimination with bac-
terial killing endpoints, measure how fast bacteria are killed, or how many
are killed per unit of time. This technique works in vitro, in animal models
and in humans. Furthermore, all three testing models are progressively
coming to consensus on the PK/PD characteristics necessary for prediction
of outcome.

Any other endpoints, including clinical cure, non-culture proven “mi-
cro cure,” and resolution of infection signs and symptoms, are surrogate
markers of the results from either presumed or proven bacterial killing.
How accurately or successfully the surrogates perform depends on whether
the bacteria originally caused the signs and symptoms used to define the
disease and its cure.

On the basis of endpoints, it is logical to change the clinical trial end-
point from clinical cure to microbiological eradication. We can further
enhance the discriminatory powers of anti-infective trials by using the mi-
crobiological results to define parameters like time to eradication (to handle
bacteriostatic versus bactericidal, and time-dependent versus concentra-
tion-dependent killing in vivo). In addition, resistance can be linked to
MICs and achieved serum concentrations and AUICs. This allows prospec-
tive definition of when combination therapy is needed, and which antibiotic
combinations will be most successful.

Perhaps the most important benefit of expressing antibiotic action as
microbiological eradication is that fewer patients are needed for statistical
significance in superiority trials, which yields a substantial lowering of drug
development costs and produces faster time to NDA approval.
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Sample Size, Delta, and Statistical Power on a Dichotomous versus
Continuous Endpoint; Tests of Equivalence versus Superiority, and Why

Such Large Numbers for Cure versus Failure?

The primary statistical problem of equivalence design and equivalence
doctrine is that a large portion of the data in a cure-failure clinical trial are
non-contributory to the goal of discriminating the best regimens. All of the
following conditions discourage differentiation and force large numbers
just to conclude equivalence (Powers et al., 2002):

• Patients with symptoms but not caused by bacterial pathogens,
• Patients with self-limiting disease not dependent for cure on anti-

microbial actions, and
• Infected patients where the antimicrobial itself is barely active or

inadequate, but there is still some activity of this comparator plus host
defense. You conclude clinical cure in these settings regardless of what
condition or drug produced it.

The current trend is how many patients do we need to study in order to
conclude two antibiotics are equivalent, and yet the new drug is better than
placebo, which has led recently to the tightening of the delta to < 10 percent
for some infections (Powers et al., 2002). Delta is a measure of statistical
differentiation, useful in setting sample size in non-crossover clinical trial
designs. As might be surmised, a tighter delta increases the size of the study.
A tighter delta does not yield a beneficial return if the goal is to differentiate
and the model is superiority, as shown in Table 6-2. However, tighter deltas
do not cause an increase in the already small numbers of patients who will
show superiority in a well-conducted PK/PD trial (see Table 6-2).

Is Compromise Possible Between PK/PD/Micro Superiority and the
Clinical Cure-Based Equivalence Models?

In reality, antibiotics are never equivalent, one is always better. Given
the diversity in MICs among bacterial populations, the right endpoint can
differentiate almost any antibiotic from any other, with only small numbers
of patients. And on the surface, it would seem that both trial designs
(equivalence and superiority) have some merit. We have compared the two
designs in Table 6-2, extracting some information from recent literature on
the topic of delta (Shlaes and Moellering, 2002). The comparison shows
that the best features of each can be merged into a development plan that
should be less expensive to all concerned.

By way of example, start out with the usual two proof of claim studies

Copyright © National Academy of Sciences. All rights reserved.

The Resistance Phenomenon in Microbes and Infectious Disease Vectors:  Implications for Human Health and Strategies for Containment -- Workshop Summary
http://www.nap.edu/catalog/10651.html

http://www.nap.edu/catalog/10651.html


EMERGING TOOLS AND TECHNOLOGY FOR COUNTERING RESISTANCE 187

per indication in Table 6-2. In the new mode, these two studies no longer
would both be the same design, changing only the comparators but keeping
the equivalence mode. Rather, one of the two is equivalence, designed for
the therapeutic indication, with a delta even as tight as 10 percent accept-
able, since the first study is to gather numbers of patients for safety. You
typically want 1,000 per claim and 4 claims is average. The second is
designed around the PK/PD and targets superiority for efficacy against
microbes (~10 patients per bacteria plus comparator differences at delta 10
percent). The superiority study has a total patient population as few as 40
and as many as 250 patients, depending on how many individual organisms
seeking superiority claims.

Beyond the compromise forged between the statistical equivalence and
superiority models, the merging of the two types of trials in the same NDA
would accomplish some other goals of those who use antibiotics on sick
patients. These include data on situations such as:

• Rare and less encountered indications can be studied with these
PK/PD models (e.g., endocarditis, meningitis, pediatric infections).

• Labeling for unusual or resistant bacteria could be obtained with
10–20 patients per organism if PK/PD targets are used.

• For antibiotics where there is no active comparator, studies of
individual patient AUICs versus the standard AUIC target of 100 could be

TABLE 6-2 Delta, Power, and Sample Size on a Dichotomous versus
Continuous Endpoint

Dichotomous Continuous
(cure/failure) (T to Erad versus AUIC)

Power 90% 90%

Delta 10% ± 1 day

Variability: Type I
two tailed error - SD = 20–40%

Cure Rate (%) 85–90% (clinical) 80% (MicroErad) at
median Terad 3d

# pts per group to
conclude A=B 1532 < 10 to ~ 90

# pts per group
to conclude A>>B inf < 10 to ~ 90

Copyright © National Academy of Sciences. All rights reserved.

The Resistance Phenomenon in Microbes and Infectious Disease Vectors:  Implications for Human Health and Strategies for Containment -- Workshop Summary
http://www.nap.edu/catalog/10651.html

http://www.nap.edu/catalog/10651.html


188 THE RESISTANCE PHENOMENON

carried out. These superiority models (based on speed of bacterial killing or
time to eradication) would yield labeling in cases where there is no labeled
or active comparator, such as vancomycin-resistant Enterococcus faecium
(VREF).

• We could, early on, vigorously pursue combination regimens with
PK/PD; combination therapies are the real world and antibiotic develop-
ment needs to address this topic very soon.

• Begin to build these superiority models and study designs into
phase II-III rather than waiting for phase IV, since they could lead to claims
and will certainly guide use of the new antibiotic in the post-marketing
period.

Clearly, if a new drug is better than the old, there is some advantage to
proving that for patients using PK/PD. Of course, if it does not differ from
the old, it may be better to remove it from trials early, before scarce re-
sources are consumed that are better applied to a follow-on compound.

So what happens if the industry sticks with the equivalence model, and
the tighter delta is applied to the community infection models like AECB,
sinusitis, otitis media, and others? The prospect is not good, since even with
equivalence proven at a now considerably higher clinical trial cost, you
might get FDA approval if you show safety, but you still cannot sell the new
antibiotic for more. Of course, such cure-failure studies in equivalence
populations are primarily valuable for safety, regardless of the statistical
treatment. However, if your design will not show a new FQ or a new beta-
lactam to be better than an old and largely inactive antibiotic (e.g., cefaclor)
in outpatients (Gotfried and Ellison, 1992; Bandak et al., 1999), then you
are using the wrong disease and clinical cure is the wrong endpoint. Unfor-
tunately, no improvements in statistical methodology will fix that problem.
Somewhere in every antibiotic NDA, there will need to be a demonstration
of superiority and medical need, especially to offset any side effects that
develop in the course of the trials, and to offset any plans to charge more
for the drug when it reaches the market.

Order Out of Chaos?

The current antibiotics development, regulatory, promotion, and clini-
cal use pattern is illogical; the resulting selection pressure from aggressive
equivalence-based marketing causes great ecological harm. We advocate
changes in the drug development process for antibiotics, so as to achieve the
following benefits:

1. A return to a focus on the true target of effect, the bacteria, would
greatly improve this situation.
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2. New antibiotics should be rapidly developed and marketed pre-
cisely for their intended infections, using superiority trials as a basis.

3. Local surveillance could drive use patterns against locally resistant
organisms, as well as become the basis for logical dosing and applications
of AUIC at the bedside.

4. Public health and microbiology laboratories could gain new rel-
evance in our resistant microbe-enriched world, since resistance is continu-
ally evolving in response to local antibiotic use practices.

5. We could finally tackle the important questions of microbial popu-
lation ecology and evolutionary biology, such as the proper dose and dura-
tion to lessen selection pressure.

6. Antibiotics could be developed for use against organisms, or groups
of organisms, and health care professionals could be taught to use them
when diseases are caused by bacteria, which would finally permit appropri-
ate diagnosis (we could even bring back the bedside gram stain).

7. Industry could run direct to consumer ads teaching patients about
the differences between bacteria and viruses, and the rationale for treat-
ment of specific pathogens with effective antibiotics labeled for that pur-
pose.

In summary, we are certain that antibiotic development compromises
can be made, and that they should be made. Compromises will speed the
development of superior new antibiotics and lower the costs of develop-
ment and marketing. Absence of compromise will raise antimicrobial devel-
opment costs and likely aggravate resistance by fostering aggressive mar-
keting and monopolistic use. All of the strategy outlined can be implemented
relatively quickly, and further testing of the underlying principles would
occur as the superiority trial designs achieve wider use. It is clear there are
major problems ahead if we follow the current path. While the new path-
ways are not free of confrontations and problems, the promise for the
future more than outweighs the short-term challenges.
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7

Strategies to Contain the Development
and Consequences of Resistance

OVERVIEW

Managing the varied problems associated with antimicrobial resistance
will require a coordinated response that includes participation by individu-
als, organizations, and governments at the local, state, national, and inter-
national levels. The focus of this session of the workshop was on examining
current management efforts and highlighting additional steps needed to
contain the development and consequences of resistance. In light of the
increasing magnitude of the problem, participants universally agreed that
implementing a comprehensive attack on antimicrobial resistance must pro-
ceed without further delay.

The primary blueprint for federal actions in the United States is the
Public Health Action Plan to Combat Antimicrobial Resistance, issued in
2001 by a multiagency task force led by the Centers for Disease Control
and Prevention (CDC), the Food and Drug Administration (FDA), and the
National Institutes of Health (NIH). The plan has four focus areas: surveil-
lance, prevention and control, research, and product development. Com-
plete implementation of the plan will require adequate funding to support
activities across a range of organizations.

Various public agencies and private organizations already are putting
parts of the action plan into practice. The FDA is using its regulatory
responsibility to ensure that drugs and other chemical agents used in both
humans and animals do not pose unacceptable health risks, including risks
that may arise as a result of antimicrobial resistance. In addition, the
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agency’s Center for Drug Evaluation and Research is exploring ways to
enhance available approaches for the development of new antibiotics. Such
activities include fostering early communication between the FDA and phar-
maceutical companies, using the agency’s product labeling system to help
educate physicians and other health care workers about antimicrobial resis-
tance, and exploring methods for using data collected in clinical trials to
make reliable inferences about a drug’s potential to trigger antimicrobial
resistance.

The CDC is implementing a variety of surveillance efforts and preven-
tion and control activities, and is both undertaking and supporting applied
research. In one effort, the agency has initiated the Campaign to Prevent
Antimicrobial Resistance in Healthcare Settings, a nationwide program
that targets clinicians, patient care partners, health care organizations, pur-
chasers, and patients. The campaign centers around four basic strategies
that front-line clinicians can use to prevent antimicrobial resistance. These
strategies include preventing infections so as to directly reduce the need for
antimicrobial exposure and the emergence and selection of resistant strains;
diagnosing and treating infection properly, which will benefit patients and
decrease the opportunity for development and selection of resistant mi-
crobes; using antimicrobials wisely, since optimal use will ensure proper
patient care while avoiding overuse of broad-spectrum antimicrobials and
unnecessary treatment; and preventing transmission of resistant organisms
from one person to another.

At the international level, the World Health Organization (WHO) in
2001 issued the WHO Global Strategy for Containment of Antimicrobial
Resistance. The plan details a comprehensive framework of interventions
designed to reduce the disease burden and the spread of infection, improve
access to and improve use of appropriate antimicrobial agents, strengthen
health systems and their surveillance capabilities, introduce and enforce
regulations and legislation, and encourage the development of new drugs
and vaccines. In implementing the plan, special priority will be given to
educating the distributors, prescribers, and consumers of antimicrobial
agents; to infection control measures aimed at preventing the dissemination
of resistant strains; to quality assurance programs for antibiotics and other
medicines; and to the establishment of functional and sustainable laborato-
ries for antibiotic resistance surveillance.

Much of the responsibility for implementing the WHO plan will fall on
individual countries, and some of them—especially in the developing
world—will need assistance. Toward this end, the Rational Pharmaceutical
Management Plus Program, based at a nongovernmental organization, is
helping to develop a systematic approach to designing national-level efforts
to contain antimicrobial resistance. This approach will provide a frame-
work by which various stakeholders, working with technical consultants
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when necessary, can assess policies, drug use, and levels of resistance in
their countries, and then tailor a range of strategies for advocacy, policy
development, and systems change. Although this approach is generic, its
implementation likely will be country-specific and unfold in distinct ways,
according to circumstances in each country.

DEVELOPMENT OF THE PUBLIC HEALTH ACTION PLAN TO
COMBAT ANTIMICROBIAL RESISTANCE AND CDC ACTIVITIES

RELATED TO ITS IMPLEMENTATION

David M. Bell, M.D.

Office of the Director, National Center for Infectious Diseases
Centers for Disease Control and Prevention, Atlanta, GA

The Public Health Action Plan to Combat Antimicrobial Resistance

To provide a blueprint for federal actions to address the emerging
threat of antimicrobial resistance (AR), the Public Health Action Plan to
Combat Antimicrobial Resistance (Part I Domestic Issues), was developed
by a Federal Interagency Task Force on Antimicrobial Resistance and re-
leased in January 2001 (http://www.cdc.gov/drugresistance/actionplan/
index.htm). The Task Force had been formed in 1999, after hearings held
by Senators Frist and Kennedy, in recognition of the fact that addressing the
multifaceted problem of antimicrobial resistance (AR) required action by
multiple agencies and departments. Co-chaired by CDC, FDA, and NIH,
the Task Force also includes the Agency for Healthcare Research and Qual-
ity, the Centers for Medicare and Medicaid Services, the Health Resources
and Services Administration, the Department of Agriculture, the Depart-
ment of Defense, the Department of Veterans Affairs, the Environmental
Protection Agency, and, since 2001, the U.S. Agency for International De-
velopment.

The plan was developed based on input from consultants from state
and local health agencies, universities, professional societies, pharmaceuti-
cal companies, health care delivery organizations, agricultural producers,
consumer groups, and other members of the public. It will be implemented
incrementally, in collaboration with these and other partners, as resources
become available. The plan has 4 focus areas: surveillance, prevention and
control, research, and product development. Of 84 action items, 13 are
designated top priority. Seven of the 13 are already underway, and 6 are
planned to begin by 2003. Part I of the plan focuses on domestic issues; Part
II, under development, will identify federal actions that more specifically
address global AR issues in collaboration with the WHO and other part-
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ners. The Task Force is continuing to meet to monitor implementation of
the plan and will release annual progress reports and seek additional input
at public meetings.

CDC Activities

CDC activities in 2001–2002 primarily implement action items in the
surveillance and prevention and control (which includes prevention re-
search) sections. Of CDC’s $25 million appropriation for AR in fiscal year
2001, about 75 percent was awarded extramurally, primarily to health
departments and universities. This appropriation included approximately
$12 million in new funds, of which $3.2 million was awarded through a
new AR applied research grant program. CDC’s 2002 appropriation for
AR, also $25 million, will primarily be used to continue ongoing activities
summarized below. More information on these activities is available at
www.cdc.gov/drugresistance.

Surveillance

In the United States, disease reporting is mandated by state laws, but
most states do not require reporting of drug susceptibility information and
the completeness of reporting varies. In collaboration with state health
departments and other partners, CDC monitors resistance for several patho-
gens of public health importance and collects limited data on antimicrobial
drug prescribing. For example, resistance in invasive S. pneumoniae infec-
tions is monitored on a population basis in 9 states or portions thereof
through the Emerging Infections Programs, health care-acquired infections
(e.g., S. aureus, enterococci, gram-negative bacteria) in approximately 300
hospitals, and foodborne pathogens such as Salmonella in 27 states in a
joint project with the FDA and Department of Agriculture. In this project,
resistance in foodborne pathogens and commensal organisms is also moni-
tored in animals (and, beginning in 2001, in retail meat products). CDC-
supported projects monitor drug resistance for several other pathogens or
infections, for example, community-onset Staphylococcus aureus, tubercu-
losis, gonorrhea, influenza, Group B streptococci, Neisseria meningitidis,
Helicobacter pylori, HIV, and malaria.

These systems need enhancement using updated laboratory and
informatics technologies, such as through the National Electronic Disease
Surveillance System under development. The major problem, however, is
that with the exception of tuberculosis, none provides even close to nation-
wide coverage. Most communities probably do not need sophisticated sys-
tems such as those that provide data to help develop and evaluate national
prevention and control strategies. However, awareness of the extent to
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which resistance is present locally is helpful in guiding treatment decisions
and in generating support for local public health interventions such as
appropriate drug use and vaccine campaigns. To implement the action
plan, CDC seeks to support coordinated national surveillance of drug resis-
tance and use at two levels. One level would involve surveillance that could
be done by most states, communities, and health care systems to meet local
needs; the second level would consist of more specialized projects to ad-
dress specific national needs in more detail and monitor emerging prob-
lems. Examples of new projects in 2001 include:

• Monitoring drug-resistant Staphylococcus aureus in the commu-
nity in 5 states and a national population sample (the National Health and
Nutrition Examination Survey).

• Increasing surveillance of enteric pathogens (through the National
AR Monitoring System: Enteric Bacteria) from 17 to 25 states, characteriz-
ing and tracking resistance genes; monitoring drug-resistant bacteria in
retail meat, and supporting new joint projects of state public health and
veterinary laboratories.

• Monitoring resistance of influenza virus to newly licensed antiviral
drugs.

• Beginning to develop a coordinated system to monitor antimicro-
bial drug use, through analyzing existing databases, identifying gaps, and
exploring standardization of methods.

• Improving state, local, and health care system infrastructure to
support development of local surveillance and enhance the capacity for
electronic reporting.

Reliable surveillance information—as well as patient care and safety—
requires that front-line clinical laboratories detect emerging drug resistance
accurately. Faced with evidence from surveys that this is frequently not the
case (CDC, 2000), CDC is working with partners such as the Association of
Public Health Laboratories and the American Society for Microbiology to
develop training and proficiency testing programs. For example, in 2001, a
new website “MASTER” was introduced that includes discussions of diffi-
cult cases in diagnostic microbiology, recommendations and references,
and opportunities to question CDC microbiologists (www.phppo.cdc.gov/
dls/master/default.asp). In its first year of operation, this site has received
approximately 33,000 hits from 20 countries. The need for constant updat-
ing of clinical laboratory proficiency offers an opportunity for state public
health laboratories to provide important leadership and strengthen their
linkages with clinical laboratories. Through the National Laboratory Train-
ing Network and other programs, CDC’s goal is to work with partners to
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ensure training and proficiency in drug resistance testing and reporting for
clinical laboratories in all states and territories.

Prevention and Control

Prevention and control of drug resistance primarily involve promoting
appropriate use of antimicrobial drugs1  to extend their useful life and
preventing infection transmission (e.g., through appropriate infection con-
trol and vaccine use). Prevention and control programs do not obviate the
need for a constantly flowing “pipeline” of new drugs, as current drugs will
inevitably become less effective with time due to resistance. CDC has been
working with a variety of partners to promote appropriate antimicrobial
use in the community (outpatient prescribing), in health care settings, and
in agriculture (Bell, 2001).

For acute infections in outpatients, a major objective is to reduce anti-
microbial drug prescribing for illnesses for which these drugs offer no
benefit (e.g., viral respiratory infections). In 1995, CDC launched a Na-
tional Campaign for Appropriate Antibiotic Use that involves partnerships
with state and local health departments, health care delivery organizations,
health care purchasers and insurers, professional societies, consumer groups,
and others. Often working through state-based coalitions, these partners
implement coordinated educational and behavioral interventions directed
to patients and clinicians, including public education programs, prescribing
principles, clinical training materials, and aids (e.g., “viral prescription
pads”) to help clinicians avoid prescribing an antibiotic when not indicated
(see Figures 7-1 and 7-2). Data from controlled trials indicate that these
interventions can be effective in reducing inappropriate antibiotic prescrib-
ing for respiratory infections in the United States, as has been reported in
other countries—although resistance rates of respiratory pathogens, having
reached a certain level, may not necessarily decline thereafter (Gonzales et
al., 1999; Belongia et al., 2001; Finkelstein et al., 2001; Hennessy et al.,
2002).

Encouraging data from the National Ambulatory Medical Care Survey
indicate that antibiotic prescribing rates for children seen in physician of-
fices declined in the 1990s after having increased in the late 1980s (McCaig
et al., 2002) (see Figure 7-3). Initially focused primarily on pediatrics, the

1In the action plan, appropriate antimicrobial drug use is defined as use that maximizes
therapeutic impact while minimizing toxicity and the development of resistance. In practice,
this means prescribing antimicrobial therapy when and only when beneficial to a patient,
targeting therapy to the desired pathogens, and using the appropriate drug, dose, and dura-
tion.
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FIGURE 7-1 Example of a poster, used in public education campaigns, promoting
appropriate use of antimicrobial drugs, developed by CDC in partnership with the
American Society for Microbiology. SOURCE: CDC, 2002.
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FIGURE 7-2 Example of a pamphlet, used in public education campaigns, pro-
moting appropriate use of antimicrobial drugs, developed by CDC in partnership
with the American Society for Microbiology. SOURCE: CDC, 2002.
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campaign was expanded in 2001 to target prescribing for adults (Gonzales
et al., 2001), to increase to 18 the number of state health departments
funded to develop coalitions and to develop a national advertising cam-
paign, a model medical curriculum, and HEDIS measures (benchmarks for
health plans) for appropriate prescribing. Future goals include expanding
the campaign to all states and major health plans and implementing the
national advertising campaign.

In health care settings, where infection with multi-drug-resistant organ-
isms is a major patient safety issue, promoting appropriate antimicrobial
drug prescribing is complicated by the higher stakes involved in treating
sicker patients and the need to develop partnerships with a greater number
of medical and surgical specialties involved in their care, as well as with
other clinical staff and administrators. Prevent Antimicrobial Resistance, a
campaign that emphasizes 12 evidence-based steps for diagnosis of infec-
tion, appropriate treatment, appropriate use of antibiotics, and preventing
transmission, was launched by the CDC in March 2002, initially focusing
on hospital care of adults. Future goals include implementing this campaign
in other health care settings, for example, dialysis clinics and long-term care
facilities, and for patients in all age groups, and evaluating and facilitating
the appropriate use of new informatics technologies, for example, comput-
erized decision support for online prescribing (Evans et al., 1998).
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FIGURE 7-3 Trends in annual population-based rates of antimicrobial drug use at
physician office visits for children under 15 years of age by selected infectious
respiratory diseases and urinary tract infection: United States, 1989–2000. NOTE:
Figures are based on 2-year averages. All trends shown are significant (p < 0.001),
except sinusitis (p = 0.61) and UTI (p = 0.19). OM denotes otitis media. URI
denotes upper respiratory infection. SOURCE: McCaig et al., 2002.

Copyright © National Academy of Sciences. All rights reserved.

The Resistance Phenomenon in Microbes and Infectious Disease Vectors:  Implications for Human Health and Strategies for Containment -- Workshop Summary
http://www.nap.edu/catalog/10651.html

http://www.nap.edu/catalog/10651.html


CONTAINING THE DEVELOPMENT & CONSEQUENCES OF RESISTANCE 205

Promoting appropriate antimicrobial drug use in agriculture and veteri-
nary medicine has been complicated by longstanding disagreement between
public health and agricultural communities regarding the benefits and risks
of these uses, which may have economic implications for major industries.
The American Veterinary Medical Association has developed principles for
judicious therapeutic use of antimicrobials in veterinary medicine with in-
put from CDC and FDA. CDC has also awarded cooperative agreements to
four schools of veterinary medicine to assess the impact of antibiotic use in
swine and dairy cattle, develop alternatives to the use of antimicrobials as
growth promoters, and evaluate new practices to reduce resistant bacteria
in food animals. Finally, CDC strongly supports the FDA’s proposals for a
new framework to evaluate antimicrobial drugs used in food animal pro-
duction and for withdrawal of approval for the use of fluoroquinolones in
poultry as important steps toward protecting public health while ensuring
the availability of antimicrobials needed for food-producing animals.

Preventing transmission of infections (e.g., through appropriate use of
vaccines, infection control in health care, food safety) reduces disease inci-
dence and drug prescribing (Fridkin et al., 1999; Neuzil et al., 2000;
Whitney et al., 2001). In 2001 CDC supported projects to evaluate the
impact of pneumococcal conjugate vaccine in reducing infections with drug-
resistant pneumococci, demonstration programs evaluating comprehensive
approaches to infection control in health care settings in Chicago and Pitts-
burgh, and infection prevention and control research and evaluation pro-
grams at seven university-based Centers of Excellence in Healthcare Epide-
miology. Regional approaches are important, as illustrated by the early
recognition and successful control of the spread of vancomycin-resistant
enterococci (VRE) in acute and long-term care facilities in the tri-state area
surrounding Sioux City, Iowa. With leadership from the Sioux City health
department and support from the Iowa, South Dakota, and Nebraska state
health departments and CDC, health care institutions rigorously imple-
mented surveillance and prevention and control guidelines and communi-
cated freely. As a result, they were able to eliminate VRE from hospitals
and drastically reduce VRE rates in long-term care facilities, an unprec-
edented success (Ostrowsky et al., 2001). Greater support for comprehen-
sive regional programs such as this is a top priority of the action plan.

Applied Research

In 2001, CDC initiated a new AR applied research grant program.
Based on external peer review, four grants totaling $3.2 million were
awarded to universities for investigator-initiated research projects address-
ing: 1) prevention and control of AR in rural settings, and 2) resistance
mechanisms and the role of drug use in promoting the spread of resistance
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in hospitals and from food animals to humans. Future goals of this research
program include addressing additional Action Plan items through peer-
reviewed, investigator-initiated proposals, for example, on diagnostic test-
ing, infection control, drug and vaccine use, monitoring spread of resistance
genes, impact of drug use in agriculture, clinical and economic outcomes of
AR, and novel interventions.

In summary, federal agencies now have a strategy and an action plan to
address AR domestically—and a similar plan is being developed to address
global resistance. Progress to date is encouraging, indicating that additional
investments can be expected to pay dividends in converting AR from an
urgent to a routine problem that does not compromise the availability of
safe and effective therapy for patients today and in future generations.

ANTIBIOTIC RESISTANCE: ENCOURAGING THE DEVELOPMENT
OF NEW THERAPIES, PRESERVING THE USEFULNESS OF

CURRENT THERAPIES

Mark J. Goldberger, M.D., M.P.H.

Center for Drug Evaluation and Research
U.S. Food and Drug Administration, Rockville, MD

Antibiotic resistance in a broad range of microrganisms has been
steadily increasing. This has affected many of the therapies commonly used
to treat infections caused by these organisms. This problem is not limited to
bacterial infections but also includes fungi, parasites, and viruses. The focus
of the following issues will be largely on antibacterial drugs; however, the
approaches and issues would also be applicable to therapies for these other
organisms.

One obvious part of the solution to this problem is to develop new
antimicrobials that are active against resistant organisms. There has already
been progress in this area. Two new fluoroquinolone antibiotics, gati-
floxacin (Bristol Myers Squibb, 1999) and moxifloxacin (Bayer, 1999),
with increased activity against gram-positive bacteria have been recently
approved. Members of three new classes of antimicrobials, the oxazo-
lidinones (Pharmacia and Upjohn, 2000), streptogramins (Aventis, 1999),
and ketolides (Ketek presented to advisory committee January 2003), have
also either recently been approved or are far along in the drug development
process. These are all examples of drugs that include some degree of activity
against resistant organisms. Nonetheless, despite these advances serious
concerns remain about our ability to successfully treat many infections due
to either resistant gram-positive or gram-negative organisms. An ongoing
focus in the coming months for staff in the Center for Drug Evaluation and
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Research (CDER) is to continue to enhance the available approaches to the
development of new antibiotics.

The development of new antimicrobials is no easy task, and trying to
keep pace with increasing antimicrobial resistance only through the devel-
opment of new drugs would be a daunting undertaking. It would be highly
desirable to link increased development with approaches that preserve the
usefulness of these new drugs as well as current antimicrobials. There is an
inherent tension in these two approaches that must be reconciled as we
move forward. This tension is particularly noteworthy for new antimicrobi-
als that in addition to their activity against resistant organisms also possess
broader activity against more susceptible organisms. As part of our efforts
at FDA we would certainly also like to encourage the development of drugs
whose primary focus would be the treatment of infections due to resistant
organisms.

FDA already has a number of regulatory tools to facilitate the develop-
ment of drugs for serious and life-threatening illness (FDA, 1998). These
include our Subpart E and Subpart H regulations and fast track designa-
tion. These encourage early communication between FDA and firms, allow
us to use data collected earlier in the drug development process as the basis
for approval, and permit the use of surrogate markers to form the basis of
approval. These approaches have the effect of accelerating drug develop-
ment by improving the overall quality of the development program, allow-
ing a reduced number of patients in the clinical program, and permitting the
use of data collected from an ongoing trial to support approval. They have
been used very effectively in the development of new antivirals and drugs
for opportunistic infections in patients infected with HIV, as well as for
therapies for cancer and other serious illness.

The above methods all have their limitations. Smaller clinical trial pro-
grams may leave greater uncertainty as to the efficacy of a product and they
unquestionably limit conclusions that can be drawn about safety. Surrogate
markers such as CD4 and viral load have been extraordinarily useful in the
development of antiretroviral drugs; however, surrogate markers are not
always predictive of the ultimate outcome in a clinical trial. In studies of the
antiarrythmic drugs, ecanide and flecanide, suppression of ventricular pre-
mature depolarizations (the surrogate) was actually associated with a poorer
longer-term outcome as measured by mortality (Echt et al., 1991).

Current legislation also provides several options that allow a company
developing a product to obtain additional marketing exclusivity beyond
that available from an existing patent. The Waxman Hatch Act permits an
applicant to recover a portion of patent life that was used during develop-
ment. This statute also provides for non-patent exclusivity when clinical
studies are required for approval. Although not previously eligible, recent
changes in legislation have made these benefits applicable to new antibiotic
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compounds. Products developed to treat or prevent infection for which the
applicable U.S. patient population is less than 200,000 are eligible for
Orphan Product exclusivity. This provides seven years of marketing exclu-
sivity for the specific product regardless of whether there is existing patent
protection.

Beyond the above it is appropriate to consider how we can improve our
ability to make inferences from clinical trials conducted for resistance
claims. This would be of particular value for products whose primary
emphasis is treatment of resistant infections. In the study of a new agent for
treatment of serious gram-positive infections such an approach could in-
clude a study of the new agent in smaller numbers of very well character-
ized patients with a predictable clinical course. Patients with bacterial en-
docarditis or related infections could be an example of this. Data from such
a trial could be supported by a clinical trial in a more conventional situation
such as pneumonia to collect additional efficacy and safety data. Collecting
pharmacokinetic and pharmacodynamic (PK/PD) data in these settings
might also increase our understanding of the product.

As part of these efforts some unresolved scientific and medical issues
must also be explored. The definitions and significance of resistance are not
always clear. In many circumstances, for instance, penicillins maintain clini-
cally useful activity against penicillin-resistant pneumococci. In other situa-
tions pre-existing resistance does not appear to correlate with ultimate
outcome.

There are a variety of approaches to studying antimicrobials in both in
vitro and in vivo pre-clinical models. Such studies could be extremely useful
in defining preliminary activity of a drug as well as providing useful infor-
mation on dosing regimen. Ideally these approaches would be integrated
with PK/PD studies with the overall goal of increasing the efficiency of the
development process. There is currently considerable work being done in
all these areas. Their ultimate usefulness in facilitating drug development in
this area is not yet adequately defined.

It is important to recognize the limits of FDA authority. We cannot, for
example, actually develop a drug even though we can facilitate its develop-
ment by others. There must be some other entity willing and able to do this.
Although as previously mentioned existing authority allows us to grant
certain types of marketing exclusivity, we have no authority to grant so-
called “wildcard exclusivity” that might, for example, apply to another
drug of a firm’s choosing in return for development of a drug with more
limited economic value. Such authority would require new legislation.

We must recognize that it will not be an easy task to keep up with
increasing rates of resistance in many pathogens even if we can improve our
approach to the development of new antimicrobials. We must also consider
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ways to preserve the usefulness of these new products as well as those
already available. There are a variety of approaches that may be of value.

At FDA the product label is the starting point for communicating infor-
mation to physicians and patients. The information contained within this
label is the basis for the promotional material prepared by companies and
should also provide a basis for any FDA educational efforts. Our initial
efforts with regard to providing additional information in product labeling
will include reminders of the value of antimicrobial susceptibility informa-
tion (when available) in choosing therapy and of the role of antimicrobials
in bacterial as opposed to viral infections. These efforts are well under way.
It is clear, however, that to effectively communicate information to patients
and physicians will require a broad effort from the overall medical commu-
nity.

Existing regulations provide FDA with the authority to approve drugs
with restrictions for safe use (FDA, 1998). This has been done in limited
instances, for example, thalidomide. A restricted distribution program can
be quite flexible in implementation ranging from statements in labeling,
reminding providers who should receive the drug, to programs mandating
special testing and limited to certain providers and pharmacies. Such a
program could be quite useful particularly for a product that has been
approved with limited data on safety and efficacy. Many pharmaceutical
firms have limited enthusiasm for such programs. The potential to use such
a program may serve as a disincentive to product development. Implement-
ing such a program would also be problematic for a drug that had demon-
strated broad antimicrobial activity, including activity against resistant or-
ganisms, and for which a more substantial safety database was available.

Antimicrobial therapy is used in a wide variety of clinical situations. In
severe infections its value versus no treatment is clearly established. In
milder illness the benefits may be more difficult to quantify. In an effort to
avoid unnecessary patient exposure to antibiotics and as part of our efforts
to rethink our approach to the development of antimicrobial therapy we
must, consider with the assistance of our advisory committees and stake-
holders, approaches to trial design to deal with this issue.

We also believe that in our approach to product approval and labeling,
current issues in medical practice should be considered. As an example,
otitis media, an infection of the ear generally seen only in children, is
usually caused by one of three bacterial species. It is uncommon however
for physicians to routinely do the testing to determine the specific bacterial
cause as this involves puncturing the eardrum—a potentially difficult and
painful procedure. As a result children are treated empirically. Most drugs
approved for this indication are active against the three major pathogens so
that this does not pose a problem. However at least one product approved
in the past had lower activity against one of the organisms. This problem
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was addressed by including such information in product labeling. Given
that the physician will not know the actual cause of the infection for a given
child it is not clear what he/she could do with such information. Should
similar situations occur in the future we will need to reconsider whether an
approach using labeling is the most appropriate solution.

There are areas of research that may contribute to better ways to
preserve the usefulness of antimicrobial therapy. The availability of rapid
diagnostic tests for bacterial and viral infections would allow practitioners
to make more informed judgments regarding the need for antimicrobial
therapy. Having available additional information on the relationship be-
tween dose, duration of therapy, and outcome including development of
resistance would also be of value in developing more optimal treatment
regimens.

In addition to antibacterial resistance, a worldwide problem, it is worth
emphasizing that the broader problem of antimicrobial resistance is also a
global one. Drug-resistant malaria and multi-drug-resistant tuberculosis are
major health issues throughout much of the world. As the use of
antiretroviral therapy increases throughout the world, issues of resistant
HIV can be expected to become more widespread.

THE CENTERS FOR DISEASE CONTROL AND PREVENTION’S
CAMPAIGN TO PREVENT ANTIMICROBIAL RESISTANCE IN

HEALTH CARE SETTINGS

Julie L. Gerberding, M.D., M.P.H.

Centers for Disease Control and Prevention, Atlanta, GA

Each year in the United States, approximately 2 million patients ac-
quire an infection while hospitalized, and about 90,000 of these patients die
as a result of their infection (CDC, 1992). Many more people acquire
infections in nursing homes and other health care facilities in which vulner-
able patients receive care. More than 70 percent of the bacteria that cause
hospital-onset infections are resistant to at least one of the drugs most
commonly used to treat them (CDC, 1999). Patients infected with antimi-
crobial-resistant organisms are more likely to have longer hospital stays
and require treatment with second- or third-choice drugs that may be less
effective, more toxic, and/or more expensive.

The proportion of pathogens that cause hospital-onset infections and
are resistant to drugs continues to increase. For example, data collected
through the National Nosocomial Infections Surveillance (NNIS) system
indicate that more than 50 percent of Staphylococcus aureus isolates caus-
ing infections in intensive care units were resistant to methicillin in 2000,
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compared to about 30 percent in 1989 (CDC, 2001). (In other hospital
units, more than 40 percent of S. aureus isolates were resistant to methicil-
lin in 2000, up from about 20 percent in 1989.) Vancomycin-resistant
enterococci, which emerged in the late 1980s, are now endemic in many
hospitals, and they accounted for more than 25 percent of enterococcal
infections in 2000 (CDC, 2001).

Indeed, the rate of increased prevalence of resistance for some organ-
isms is alarming. Data from NNIS indicate, for example, that fluoro-
quinolone resistance among Pseudomonas species increased by almost 50
percent between 1994 and 1999. The prevalence of both methicillin-resis-
tant S. aureus and vancomycin-resistant enterococci increased by 40 per-
cent over the same period (CDC, 2001).

Guidelines for preventing antimicrobial-resistant infections in health
care settings exist; however, these guidelines often are not read by clinicians
and adherence is not optimal. Most data indicate that guidelines alone are
not effective in preventing antimicrobial resistance. New approaches are
needed to help clinicians who treat patients with infections translate these
guidelines into routine practice behaviors that will prevent antimicrobial
resistance.

In response to this issue, the CDC has initiated the Campaign to Pre-
vent Antimicrobial Resistance in Healthcare Settings. The campaign is a
nationwide effort that targets front-line clinicians, patient care partners,
health care organizations, purchasers, and patients. Its general goals in-
clude informing clinicians, patients, and other stakeholders about the esca-
lating problem of antimicrobial resistance in health care settings; motivat-
ing interest in and acceptance of interventional programs to prevent
resistance; and providing clinicians with tools to support needed practice
changes. Targeting clinicians at the front end of care is an important step
toward preventing the morbidity, mortality, and costs associated with drug
resistance. The campaign was developed and is being implemented in col-
laboration with the CDC Foundation, corporate partners, professional so-
cieties, health care organizations, public health agencies, and expert con-
sultants. Additional information about the campaign is available at http://
www.cdc.gov/drugresistance/health care.

The campaign centers around four basic strategies that clinicians can
use to prevent antimicrobial resistance. These strategies are:

• Prevent infection.  Preventing infections in the first place will di-
rectly reduce the need for antimicrobial exposure and the emergence and
selection of resistant strains.

• Diagnose and treat infection effectively.  Proper diagnosis and treat-
ment will benefit the patient and decrease the opportunity for development
and selection of resistant microbes. This requires rapid diagnosis, identifi-
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cation of the causative pathogen, and determination of its antimicrobial
susceptibility.

• Use antimicrobials wisely.  Optimal use will ensure proper patient
care and at the same time avoid overuse of broad-spectrum antimicrobials
and unnecessary treatment.

• Prevent transmission.  Preventing transmission of resistant organ-
isms from one person to another is critical to successful prevention efforts.

An integral component of the campaign is the development, dissemina-
tion, and implementation of a number of intervention programs for clini-
cians caring for targeted groups of high-risk patients. These programs,
called “12 Steps to Prevent Antimicrobial Resistance,” spell out actions
that can be taken immediately to promote patient safety and prevent anti-
microbial-resistant infections. The first 12-step program targets hospital-
ized adults; other programs are being developed for hospitalized children,
geriatric patients and nursing home residents, obstetrical patients, critical-
care patients, dialysis patients, and surgical patients. The programs are
created in close partnership with professional societies and key opinion
leaders in the relevant specialties, and all of the action steps are based on
scientific evidence and/or published guidelines.

The 12 steps detailed in the programs are framed around the four
strategies described above. Each step provides some key facts and back-
ground information that serve to buttress the importance of the actions
recommended. The steps also include links to other Web-based resources
that provide more detailed information.

In the program targeted at hospitalized adults, two steps address the
importance of preventing infection. These steps are:

1. Vaccinate.  Pre-discharge influenza and pneumococcal vaccination
of at-risk hospital patients and influenza vaccination of health care person-
nel will prevent infections. These infections and their complications are a
major cause of hospitalization and exposure to antimicrobials, and they
create opportunities for emergence and spread of antimicrobial resistance.

2. Get the catheters out.  Catheters and other invasive devices are the
leading exogenous cause of hospital-onset infections. Catheters should be
used only when essential to patient care, not for convenience or as a “rou-
tine” practice. Proper insertion and catheter care may decrease contamina-
tion and infection risk, and in some cases antimicrobial-impregnated cath-
eters may be warranted to prevent infections.

Two steps focus on the need to diagnose and treat infection effectively:

3. Target the pathogen.  Appropriate antimicrobial therapy saves lives.
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When managing patients with known or suspected infection, cultures are
almost always indicated. Empiric therapy should be selected to target likely
pathogens and be consistent with local antimicrobial susceptibility data.
Definitive therapy should target known pathogens once they are identified
and their antimicrobial susceptibility test results are known.

4. Access the experts.  Infectious diseases expert input improves the
outcome of serious infections. Infectious disease specialists are one impor-
tant resource for providing input, but many other professionals, such as
health care epidemiologists, clinical pharmacologists, and surgical infection
experts, also can contribute to optimal care for patients with infections. As
with all patient safety endeavors, multidisciplinary collaboration is key.

Six steps address the importance of using antimicrobials wisely:

5. Practice antimicrobial control.  Programs to improve antimicrobial
use are effective. Methods to improve antimicrobial use include passive and
interactive prescriber education; use of standardized antimicrobial order
forms; formulary restrictions; prior approval to start or switch antimicrobi-
als; multidisciplinary drug utilization evaluation; provider or unit feedback;
and computerized decision support (including on-line ordering), which is
likely to be the best long-term approach for improving antimicrobial use.
Whatever options are available for improving antimicrobial use, the com-
mitment and participation of the prescribing clinician and the institution
are essential.

6. Use local data.  The prevalence of resistance can vary by time,
locale, patient population, hospital unit, and length of stay. Local antimi-
crobial susceptibility data are the most relevant for predicting the probabil-
ity of resistance. Thus, clinicians should be fully informed about their local
“antibiograms,” which provide a summary picture of common organisms
and their susceptibility to many antimicrobial drugs, as well as about the
characteristics of their patient populations.

7. Treat infection, not contamination.  A major cause of antimicro-
bial overuse is “treatment” of contaminated cultures. Contamination of
blood cultures and other patient specimens is common, often leading to
unnecessary antimicrobial use. Proper specimen collection and manage-
ment is key to preventing contaminated cultures. Clinicians should use
proper antisepsis for blood and other cultures; culture the blood, not the
skin or catheter hub; and use proper methods to obtain and process all
cultures.

8. Treat infection, not colonization.  A major cause of antimicrobial
overuse is treatment of colonization. Patients often become colonized with
new bacterial flora while hospitalized, and when fever or other evidence of
infection is mistakenly attributed to these colonizing organisms, unneces-
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sary broad-spectrum antimicrobial therapy often ensues. Clinical criteria
and additional laboratory data can help distinguish infection from coloni-
zation. Among specific actions, clinicians should treat pneumonia, not the
tracheal aspirate; treat bacteremia, not the catheter tip or hub; and treat
urinary tract infection, not the indwelling catheter.

9. Know when to say “no” to vanco.  Vancomycin overuse promotes
emergence, selection, and spread of resistant pathogens. Emergence of van-
comycin resistance among gram-positive organisms is a major threat to
patient safety in hospitals. Clinicians should recognize that fever in a pa-
tient with an intravenous catheter is not a routine indication for vancomy-
cin. The CDC’s Healthcare Infection Control Practices Advisory Commit-
tee has developed a set of guidelines that detail situations in which the use
of vancomycin either is acceptable or should be discouraged (CDC, 1995).

10. Stop treatment when infection is cured or unlikely.  Failure to stop
unnecessary antimicrobial treatment contributes to overuse and resistance.
Once antimicrobial therapy is started, it is often difficult to stop, even when
there is no indication for ongoing treatment. However, unnecessary treat-
ment adds to treatment costs and may, in some cases, actually harm pa-
tients. It is important that treatment be stopped when infection is cured,
when cultures are negative and infection is unlikely, and/or when infection
is not diagnosed.

The final two steps focus on preventing transmission of resistant organ-
isms:

11. Isolate the pathogen.  Patient-to-patient spread of pathogens can
be prevented. Adherence to accepted measures to isolate antimicrobial-
resistant organisms before they are transferred to other patients or become
endemic in a facility is essential. Clinicians and facilities should use stan-
dard infection-control procedures and approved techniques for containing
infectious body fluids. When in doubt about appropriate isolation proce-
dures, consultation with an infection-control professional is indicated.

12. Break the chain of contagion.  Healthcare personnel can spread
antimicrobial-resistant pathogens from patient to patient. They also can
transmit their own flora and infectious pathogens to patients. Thus, person-
nel should undertake a number of simple, common-sense measures to pre-
vent the spread of pathogens. These measures include staying home when ill
with an infection, covering the mouth when coughing or sneezing, and
maintaining appropriate hand hygiene before and after patient contact.
Clinicians also should set an example for students, trainees, and colleagues.

This program, and the other 12-step programs when they are ready,
will be marketed widely, through Web presentations, “slide sets” detailing
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the steps, posters, pocket cards, and other media. CDC also will foster
partnerships to implement campaign activities, and will support efforts to
evaluate the effectiveness of these programs in preventing antimicrobial
resistance in health care settings.

ANTIMICROBIAL RESISTANCE CONTAINMENT
STRATEGIES OF THE RATIONAL PHARMACEUTICAL

MANAGEMENT PLUS PROGRAM

Terry Green and Anthony Savelli

Rational Pharmaceutical Management Plus (RPM Plus) Program*
Management Sciences for Health, Arlington, VA

The use of antimicrobial agents has contributed to the significant de-
cline in infectious diseases over the past half century. However, this achieve-
ment in controlling infectious diseases is being undermined by the rapidly
growing problem of antimicrobial resistance. Resistance to antimicrobials
is increasing, making many infectious diseases more difficult to treat, and
raising levels of morbidity, mortality, and health care costs. Major infec-
tious diseases like tuberculosis, gonorrhea, pneumonia, malaria, and dysen-
tery are becoming increasingly difficult and expensive to treat, particularly
in developing countries where resources are limited and infection rates are
high. With international attention focused on HIV and its treatment, there
is much concern about drug resistance and the possibility of future resis-
tance to current antiretrovirals.

Antimicrobial resistance is a natural, progressive reaction that is tied
directly to the use and misuse of antimicrobials in humans, animals, and
agriculture. As more of the sensitive bacteria are eliminated by antimicrobi-
als, resistant ones will survive and proliferate, transferring their resistance
by genes to future generations of bacteria. With time, all antibiotics will
encounter resistance development by various bacteria. Depending on the
antimicrobial and the bacterium, the degree of resistance can be minimal to
almost total.

*The Rational Pharmaceutical Management Plus (RPM Plus) Program is supported by the
U.S. Agency for International Development under the terms of cooperative agreement number
HRN-A-00-00-00016-00. The opinions expressed herein are those of the authors and do not
necessarily reflect the views of the U.S. Agency for International Development.
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How Severe Is the AMR Problem?

The increased morbidity, mortality, and treatment costs associated with
resistant infections are complicating infectious disease prevention and con-
trol efforts worldwide, underscoring the need to preserve the effectiveness
of existing antimicrobials. The increased costs for treating resistant infec-
tions and new infections that result from the failure of first-line antimicro-
bials are draining health resources in developing countries. Hospital-ac-
quired infections, which account for thousands of deaths in countries yearly,
are frequently caused by antimicrobial-resistant organisms.

A single treatment course for regular tuberculosis (TB) costs about $20,
while treatment for multi-drug-resistant TB costs $2000 (WHO, 2000a).
Multi-drug-resistant shigella requiring treatment with ciprofloxacin has oc-
curred in 11 countries since 1989. While the cost of ciprofloxacin is high, of
more critical importance is the fact that resistance is developing to cipro-
floxacin, with no other effective treatment available at this time. Treatment
failures due to resistant strains of gonorrhea are a driving force in the HIV
epidemic (WHO, 2000b). Persons infected with gonorrhea are more sus-
ceptible to HIV infection, and once infected, shed HIV virus at nine times
the rate of infected individuals without gonorrhea (WHO, 2000c). Increas-
ing access to antiretroviral therapy for AIDS patients in developing coun-
tries should help to reduce opportunistic infections associated with high
levels of resistance (i.e., gonorrhea, pneumonia, and TB). However, with-
out proper case management, the benefit of the new drugs may be short-
lived. Similar concerns exist for the increased availability of TB and malaria
drugs that will occur under the Global Fund to Fight AIDS, Tuberculosis
and Malaria. The AMR containment strategies discussed below will in-
crease awareness about this issue and provide opportunities to reduce the
risks associated with the Global Fund.

WHO Global Strategy for Containment of AMR

As a major step toward containing AMR, the WHO has recently pub-
lished a comprehensive set of strategies. WHO recommends a number of
interventions, including strategies for use by (1) patients and communities;
(2) prescribers and dispensers; (3) hospitals; (4) growers of food-producing
animals; (5) national governments and health systems; (6) drug and vaccine
developers; (7) pharmaceutical companies and marketers; and (8) interna-
tional organizations and partnerships concerned with containing AMR.
Such a complex, diverse approach is critical in addressing the threats posed
by AMR.
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RPM Plus AMR Containment Strategies

RPM Plus is a five-year cooperative agreement with USAID to provide
technical leadership, assistance, and training on pharmaceutical manage-
ment in the developing world, and to foster coordination of donor groups
to improve health commodity availability and appropriate use. RPM Plus
has a portfolio of strategies aimed at managing AMR in various areas of the
health care system. These include drug and therapeutics committees (DTC)
training, infection-control quality-improvement programs (in the WHO
Global Strategies, both are highly recommended for hospitals), national-
level implementation strategies, research activities to guide drug use im-
provement, activities of the International Network for Rational Use of
Drugs (INRUD) to provide education for providers/dispensers, and activi-
ties to support the national AMR program in Nepal. These strategies are
summarized in the discussion below.

Developing and Implementing National AMR Strategies

The WHO global plan is comprehensive and complex, making it diffi-
cult to implement in many developing countries. A succinct methodology is
needed for implementing the plan at the country level.

To improve the reach of the WHO global initiative, RPM Plus (and our
partner the Alliance for Prudent Use of Antibiotics [APUA]), in collabora-
tion with the Academy for Educational Development’s CHANGE project
and Boston University’s Applied Research in Child Health (ARCH) project,
is supporting the development of a systematic approach to guide the design
of national-level efforts to contain AMR. This approach will provide a
framework by which stakeholders, working with technical consultants when
necessary, can assess policies, drug use, and AMR in their countries, using
local data, and can then design strategies for advocacy, policy development,
and systems change. For these efforts to succeed, many groups must have a
role, including national governments, health care professionals and societ-
ies, consumers, non-governmental organizations (NGOs), and the pharma-
ceutical industry. Although the approach is generic, the implementation
process will likely be country-specific and will unfold in distinct ways,
according to circumstances in each country. Whatever its specific character,
it is anticipated that the systematic approach will result in more active local
health organizations, a higher level of awareness about AMR, and stronger
policies and programs to monitor and contain the spread of resistance.
Figure 7-4 represents the framework for implementing the country strategy
for containment of AMR.
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Establishing and Strengthening Drug and Therapeutics Committees

The DTC is a critical component of a health care organization’s drug
selection and use program. This committee evaluates the clinical use of
drugs, develops policies for managing drug use and administration, and
manages the formulary system.

Many countries spend 30 to 40 percent of their health care budgets on

FIGURE 7-4 Outline of a systematic approach for containing antimicrobial resis-
tance.
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drugs, and much of that money is wasted on irrational drug use and ineffi-
ciencies in procurement and distribution. Other serious drug use problems
faced by health care organizations include the overuse of antibiotics, in-
creasing levels of AMR, and increasing rates of adverse drug reaction.
DTCs can provide the leadership and structure to help ensure that appro-
priate drugs are selected for the formulary, rational drug use is promoted,
and waste is reduced, thereby reducing costs.

The committee has broad responsibilities in determining what drugs
will be available, at what cost, and how they will be used. Some of the
important benefits of a functioning DTC are:

• Selection of effective, safe, high-quality, and cost-effective pharma-
ceuticals for the formulary

• Control and management of drug expenditures
• Identification of drug use problems
• Rational drug use, including improved antimicrobial utilization
• Improved drug procurement and inventory management
• Increased staff- and patient-education levels on matters related to

drug use
• Decreased adverse drug reactions and medication errors.

The functions of a DTC are numerous and will vary with each country
and with the size of each health facility. The most important functions are:

• Advising medical, administrative, and pharmacy departments on
drug-related issues

• Developing drug policies and procedures
• Evaluating and selecting drugs for the formulary and providing

information for its periodic revision
• Assessing drug use to identify potential problems
• Promoting and conducting effective interventions to improve drug

use (including educational, managerial, and regulatory methods)
• Managing adverse drug reactions
• Managing medication errors.

RPM Plus DTC Training Courses

DTCs are weak or non-existent in developing countries and irrational
drug use is a common problem. To improve the capacity of committees,
RPM Plus (in collaboration with WHO) has developed training materials
for a DTC course, which is designed to stimulate the creation of DTCs in
hospitals, improve the functioning of existing committees, and train locally
based staff to teach the course to others. The training series emphasizes the
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technical aspects of a DTC, including selecting drugs for the formulary,
managing drug expenditures, identifying drug use problems, and imple-
menting interventions to improve drug use.

An integral part of the DTC training is a field study where participants
utilize skills learned in the course and apply them at local hospitals. The
field study allows participants to see firsthand how a DTC would work in
selecting drugs, identifying drug use problems, and implementing plans to
improve drug use.

An important part of the course focuses on developing DTC work
plans. The course assists participants in developing comprehensive plans
for starting or improving their local DTCs. These plans are monitored by
RPM Plus staff members, who also provide technical assistance to help
participants complete the plans over the ensuing months.

DTC Website

The DTC Website seeks to encourage former course participants to use
what they have learned and to track their progress on work plans. RPM
Plus staff monitor the site and provide technical assistance to individuals
and teams as necessary. The Website provides course announcements, links
to information sources, and access to work plans developed during the
courses. The website also provides a discussion board that allows partici-
pants and facilitators to keep in contact.

Achievements from DTC Courses

RPM Plus has trained 117 participants from 35 countries in eight
training courses since February 2001. DTC course participants have subse-
quently been active in improving drug management at the local and na-
tional level. DTCs have been implemented and are now more effective than
previous drug management systems in selecting appropriate drugs for the
formulary. Formularies have been evaluated and inappropriate drugs de-
leted, making procurement activities more efficient and less expensive. Re-
porting systems for adverse drug reactions (ADRs) have been upgraded and
DTCs are reviewing spontaneous reports. Drug use studies and standard
treatment guidelines are in use and are guiding strategies to improve drug
use. RPM Plus will continue to hold DTC training courses while it monitors
the work of past course participants.

Promoting Infection Control Improvement

Hospital-acquired infections are a major cause of preventable morbid-
ity and mortality in developing countries worldwide, putting both patients

Copyright © National Academy of Sciences. All rights reserved.

The Resistance Phenomenon in Microbes and Infectious Disease Vectors:  Implications for Human Health and Strategies for Containment -- Workshop Summary
http://www.nap.edu/catalog/10651.html

http://www.nap.edu/catalog/10651.html


CONTAINING THE DEVELOPMENT & CONSEQUENCES OF RESISTANCE 221

and health care workers at risk. These infections also impose a high finan-
cial cost by increasing the length of hospitalization and requiring the use of
additional, expensive laboratory tests and broad-spectrum antibiotics. They
are often caused by AMR organisms that have developed due to poor
infection-control and prevention practices and the overuse of antibiotics.

There are many root causes of poor infection control and prevention in
hospitals. There is a lack of both an infection-control infrastructure and
training in basic infection control, and in many hospitals, basic hand hy-
giene and sanitation practices are substandard. The use of invasive devices
and procedures, such as indwelling lines and catheters and implanted de-
vices, can often be debilitating and even lethal when infection control prac-
tices are inadequate.

In addition to the substantial impact on morbidity, mortality, and health
care costs, there are other compelling reasons to focus on developing prac-
tical strategies for improving infection control and decreasing the emer-
gence of AMR in hospitals:

• Hospitals are major incubators for resistant bacteria, because anti-
microbial agents are commonly prescribed

• Hospitals can amplify resistance, because resistant bacteria spread
quickly among vulnerable patients in facilities that are understaffed, over-
crowded, or lack basic infection control practices

• Patients who acquire resistant infections in hospitals have the po-
tential to disseminate these bacteria in their homes and communities

RPM Plus is developing an infection-control quality improvement pro-
gram (in collaboration with Harvard University) that will use local assess-
ments, training, and intervention based on assessment results to improve
infection control and decrease the rate of nosocomial infections at the
hospital level. A distance-learning component will make it possible for
many more institutions to take advantage of the program. The program’s
objectives are to provide for:

• Development and use of assessment instruments to identify priority
areas for site-specific interventions

• Training in continuous quality improvement techniques and meth-
odologies

• Comprehensive training in infection control for teams and other
clinical and administrative hospital personnel, available on a multimedia
CD-ROM

• Development of a stand-alone infection control program, using
CD-ROM, e-mail, and the Web, to establish or improve infection control
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systems by providing assessment instruments, training materials, coaching,
and support to local team leaders.

Joint Research Initiative to Improve Use of Medicines
in Developing Countries

RPM Plus is a partner with WHO, the Academy for Educational Devel-
opment (AED), INRUD, and ARCH in the Joint Research Initiative to
Improve Use of Medicines. The goal of the initiative is to build a body of
evidence on effective drug use interventions in developing countries. Part-
ners provide technical assistance to research groups in applying and testing
interventions, as well as in pursuing publication of studies relevant to anti-
microbial use.

Current research activities are divided into three categories (see Table
7-1). Phase I studies are nearing completion, and Phase II studies are in the
development and funding stage. Phase III studies will begin in late 2002.

Other AMR Containment Support

RPM Plus has developed a manual on hospital antimicrobial indica-
tors, designed to help hospital staff evaluate and improve antimicrobial use
in their institutions. The manual is useful in making comparisons of antimi-
crobial drug use in one hospital over time or between use in two or more
hospitals.

The RPM Plus portfolio also includes technical assistance activities for
the Nepal national AMR program, which works to enhance AMR sentinel
surveillance sites and improve drug management programs in the public
and private sectors. Other AMR-related work includes support of INRUD
activities including participation in Africa and Asia regional training courses
on Promoting Rational Drug Use.

RPM Plus interventions are designed to improve drug selection, appro-

TABLE 7-1 Joint Research Initiative to Improve Use of Medicine

Phase I Phase II Phase III

Research focused on Activities focused on Studies to evaluate the
improving the prescribing improving the use of impact of specific national,
and dispensing behavior antimicrobials in district, and local policies
of health professionals communities and that affect drug use,

households including strategies for
scaling up
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priate use of drugs, and infection control practices at the local level, and to
develop a process to implement these and other WHO global AMR con-
tainment strategies at the national level. With implementation of these key
drug management programs, AMR containment strategies can be opti-
mized.

ANTIMICROBIAL RESISTANCE AND FUTURE DIRECTIONS

Mary E. Torrence, D.V.M., Ph.D., D.A.C.V.P.M.

USDA, Cooperative State Research
Education and Extension Service, Washington, DC

There are several common themes from the last two days. Emerging
and re-emerging infectious diseases will continue to occur. These diseases
will necessitate the use of current and new antimicrobials for treatment and
are an important component of health care. The most important theme is
that antimicrobial resistance exists, will continue to exist, and cannot be
prevented or stopped. Our goal, therefore, must be to slow down its emer-
gence and continue to develop new antibiotics that will take the place of
those drugs that become useless because of resistance.

No one would disagree that the public health action plan is a significant
effort among various groups and represents a comprehensive strategy to
address antimicrobial resistance (U.S. Government, 2001). However, one
may wonder if this document will achieve the goals and action items out-
lined or whether the plan will remain just a comprehensive paper docu-
ment. It is important that there is some measure of progress and a means of
measuring the outcome or impact of the various actions and strategies.
Continual feedback is needed so that revisions can be made and the plan
remains responsive to the issues.

In the spirit of the public health action plan, I will make my suggestions
within each of the four categories: surveillance, research, prevention and
control, and product development.

Surveillance

As we all know, there are multiple, existing surveillance efforts. Some
are specifically targeted toward a particular disease or niche, for example,
the hospital infectious control program, while others are more general in
order to collect data that is representative. The starting question for the
design of the best surveillance system has to be, “What is the question that
we are trying to answer?” The answer drives the design of the system, the
population sampled, and the collection of the data.
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The National Antimicrobial Resistance Monitoring System (NARMS)
that began in 1996 provides a good framework for antimicrobial resistance
surveillance (Tollefson et al., 1998). Would any of the other existing sur-
veillance programs offer additional data? If so, how do we coordinate or
integrate the programs or data? In the evaluation of NARMS, limitations
must also be considered.

Sampling differs from year to year. For example, isolates from healthy
animals are taken from ongoing research projects and from the National
Animal Health Monitoring System (NAHMS). The NAHMS studies vary
each year as to geographic region represented, the animal species, and the
number sampled. Samples taken from slaughter facilities also vary each
year. For example, in 1999, campylobacter samples were only taken for 3
months; in 2000, samples were taken the entire year; and for 2001, samples
were taken for 10 months (Torrence, 2001). These sampling differences
make it difficult to make generalizations about the data and possible trends.

There are currently two laboratories doing testing. Evaluations have
been done so that the methods are standardized, and there is validity. If this
system expands, standardization of methods is important. Expansion of
laboratories may be necessary if this system is to provide quicker feedback
of data. Currently results can lag more than a year behind.

Another question is whether there is a role for animal diagnostic labo-
ratories and clinical samples in the surveillance of antimicrobial resistance.
Some of the funding available for capacity building for epidemiology and
laboratories in public health could be used for animal diagnostic laborato-
ries and epidemiological expertise. This enhancement would be useful for
both antimicrobial resistance and for bioterrorism. Funding and human
resources are needed for antimicrobial resistance surveillance.

Research

A common response for future directions is the request for more infra-
structure, in terms of both expertise and funding. The U.S. Department of
Agriculture (USDA) in relation to the CDC and the National Institutes of
Health is largely underfunded even though USDA provides the majority of
funding for antimicrobial resistance research in agriculture. For example,
USDA’s Cooperative State Research Education and Extension Service
funded $4 million in 1999 and $4.5 million in 2000. This funding came
from food safety programs. The USDA’s Agricultural Research Service con-
tinues to budget for research to develop alternatives to antimicrobials, such
as competitive exclusion products. The aim of competitive exclusion is to
take advantage of the protective effect of normal healthy flora. Competitive
exclusion products contain normal healthy microorganisms that compete
with and replace pathogenic microorganisms, consequently, lowering the
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pathogenic burden. Significant issues of confidentiality of the data and the
coordination of research have not been addressed.

Specific Areas of Research

There are basic research projects on the genetics of antimicrobial resis-
tance and whether it occurs through gene transfer (e.g., integrons, plas-
mids) or through chromosomal mutation. However, it is also important to
focus on applied research in an attempt to understand what is occurring in
the populations.

It is essential for intervention and mitigation strategies to identify criti-
cal control points along the continuum of food production. For example,
management changes at the farm level will not prevent the transfer of
pathogenic organisms if there is significant contamination at the processing
or post-harvest level. Deboning and hide removal are two production steps
that have potential for significant bacterial contamination.

The majority of research has been done on important foodborne organ-
isms such as E. coli O157:H7, Salmonella, and Campylobacter. But re-
search is needed to evaluate the role of commensals in the development,
persistence, and transference of antimicrobial resistance. Other bacteria
that are more difficult to culture, such as anaerobes, must also be studied.

Two primary questions in the study of antimicrobial resistance seem to
be two of the simplest; yet, there seems to be no agreement on the answers.
First, what is the unit of analysis? Is it the gene, bacterium, host, or popu-
lation? Second, how do we measure antimicrobial resistance? Is it morbid-
ity, the existence of a gene, or treatment failure? Determining the unit of
analysis is also an issue if trying to evaluate drug usage in agriculture.
Research is needed to determine which dosage, treatment regimen, or drug
might be the most important in the development of resistance. Two recent
drug use surveys reported different results because of disagreements in the
measurement of drug use (Animal Health Institute, 2000; Lipsitch et al.,
2002).

Although economic research has been mentioned, much more needs to
be done both in the human and agricultural sectors. For example, what are
the costs and the benefits for certain management strategies on the farm?

There has been an increased priority for doing risk assessments in food
safety-related areas and in antimicrobial resistance but the methodologies
are still primitive. This is particularly true in risk assessments of antimicro-
bial resistance because data are less available and the unit of measurement
not determined.

Finally, as more intervention and mitigation strategies emerge, there
needs to be measurement of the outcome or impact of these strategies. This
information will help in decision-making about production practices. It is
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time to move beyond simple prevalence studies to more applied practical
studies.

Prevention and Control

There is still a great need for more rapid diagnostic tests and more
rapid, sensitive detection methods. These methods could be used in finished
food products and even in fruits and vegetables.

Prudent use needs to be expanded to additional management strategies.
There has been a large effort in the development of judicious use guidelines.
But evidence of their dissemination and impact is lacking. If professionals
have no interest or do not use them, then the existence of guidelines has no
impact on antimicrobial resistance.

Within the agricultural and veterinary medical community, the educa-
tional efforts need to be more aggressive and creative. For example, there
could be information disseminated to pet owners to educate them that viral
diseases, such as kennel cough, do not require the use of antibiotics and that
less use of antibiotics is better for their pets and themselves.

Educational research methodologies will help with the evaluation of
the effect of current and future educational strategies as well as possible
management and intervention approaches. There needs to be communica-
tion and feedback between education and research so there is continual
improvement in both sectors.

Product Development

There are not the same financial incentives for veterinary drugs as
human drugs so it is even less likely that new veterinary drugs will be
developed or approved. Yet, new drug development for animal drugs may
prove useful for human medicine in the common goal of finding new effec-
tive drugs. How can incentives be created? Currently most of the thinking is
toward alternatives, alternative products and alternative management strat-
egies. A significant effort in agriculture is toward alternative products such
as competitive exclusion products, immune modulators, and vaccines. How-
ever, it is also important to concentrate on possible alternative management
approaches. A more vigorous vaccination program or production design
may decrease the amount of bacterial disease and the need for antimicrobi-
als.

Conclusions

Antimicrobial resistance is not easily definable, which makes it more
difficult to measure. A unit of analysis is needed. Antimicrobial resistance is
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not a product of one source and cannot be isolated in one niche of the
world or the environment. It is the result of a confluence of humans, envi-
ronment, microbes, and animals that are continually interacting with each
other. These interactions fluctuate. Therefore, it is more important for
researchers, professionals, and policy makers to work together to solve this
problem rather than assign blame. Solutions in this area of resistance may
come from previous experiences such as insecticide resistance.

There needs to be coordination of the state, local, and federal govern-
ments as well as other groups such as industry and professional organiza-
tions. How do we better coordinate government, industry, and academia?
How do we build trust so we can collaborate? There are many studies in
academia that would provide important data and even samples for govern-
ment initiatives.

In conclusion, I think there are two final questions, “What is our
ultimate goal regarding antimicrobial resistance?” Most importantly, “What
are we willing to settle for?” I do not think we have answered these ques-
tions.
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Appendix A

PUBLIC HEALTH CONSEQUENCES OF USE OF ANTIMICROBIAL
AGENTS IN AGRICULTURE

Alicia D. Anderson, D.V.M., M.P.H.;
Jennifer McClellan, M.P.H.; Shannon Rossiter, M.P.H.;

and Frederick J. Angulo, D.V.M., Ph.D.

Foodborne and Diarrheal Diseases Branch
Division of Bacterial and Mycotic Diseases

Centers for Disease Control and Prevention, Atlanta, GA

Antimicrobial agents have been used in agriculture, including livestock
and poultry, since the early 1950s to treat infections and improve growth
and feed efficiency. The actual amount of antimicrobial agents used in
agriculture is unknown; however, a substantial portion given to food ani-
mals is for subtherapeutic use (i.e., use in the absence of disease) for growth
promotion, a practice that is becoming increasingly controversial. The agri-
cultural use of antimicrobial agents that have a human analog increases the
likelihood that human bacterial pathogens that have food animal reservoirs
will develop cross-resistance to drugs approved for use in human medicine.
The World Health Organization (WHO), following a series of consulta-
tions in 1997, 1999, and 2000, has recommended that the use of antimicro-
bial growth promoters that belong to an antimicrobial class used in humans
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be terminated in the absence of risk-based evaluations (WHO, 1997, 1999,
2000).

Several European countries have already taken steps toward this goal.
In 1998, the European Union banned four growth promoters (tylosin,
spiramycin, bacitracin, and virginiamycin) because of their structural relat-
edness to antimicrobial agents used in human medicine (European Com-
mission, 1998). In that same year, chicken farmers and beef producers in
Denmark voluntarily stopped using antimicrobial agents as growth pro-
moters; swine farmers followed suit in 1999. This ban has reduced the total
volume of antibiotics used in food animals in Denmark by 60 percent (from
206 to 81 tons) (DANMAP, 2000; Sorensen et al., 2002). Studies to inves-
tigate the influence of the ban have shown no negative consequence for
farmers’ profits or animal health in broiler chickens (Emborg et al., 2001).
Similar conclusions were reported in fattening pigs, although diarrhea in
weaned piglets has required other interventions, such as improved feeding
and weaning procedures (Sorensen et al., 2002). In Sweden, all antibiotics
were banned as growth promoters in 1986, decreasing their total antibiotic
usage by 55 percent and demonstrating their ability to achieve competitive
production results in the absence of growth promoters (Wierup, 1998;
Greko, 1999). The effects of discontinuation of growth promoters in these
countries have been a decrease in antibiotic resistance in animals, food
products, and humans (Bager et al., 1999; Klare et al., 1999; Pantosti et al.,
1999; DANMAP, 2000; van den Bogaard et al., 2000a; Aarestrup et al.,
2001).

Clinicians should be aware that antimicrobial resistance is increasing in
foodborne pathogens such as Salmonella and Campylobacter and that pa-
tients who are taking antimicrobial agents for any reason are at increased
risk for acquiring antimicrobial-resistant foodborne infections. The increas-
ing prevalence of antimicrobial resistance among these pathogens increases
the potential for treatment failures and other adverse outcomes, including
death. Appropriate use of antimicrobial agents in humans and food animals
is necessary to maintain their effectiveness and reduce the potential for
spread of resistant organisms. While therapeutic usage of antimicrobial
agents in food animals is important to promote animal health and provide
an affordable supply of meat, milk, and eggs, it is vital that the long-term
effectiveness of antimicrobial agents used in human medicine be preserved.
This report presents current surveillance information on the frequency of
resistant foodborne infections in the United States, reviews scientific evi-
dence linking antimicrobial agent usage in agriculture to resistant foodborne
infections in humans, and makes recommendations for measures to protect
public health.
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Antimicrobial Use in Food Animals

At least 17 classes of antimicrobial agents are approved for growth
promotion and feed efficiency in the United States, including tetracyclines,
penicillins, macrolides, lincomycin (analog of clindamycin), and
virginiamycin (analog of quinupristin/dalfopristin). To understand the hu-
man health consequences of the agricultural use of antimicrobial agents, it
is important to evaluate the quantity of antimicrobials used in U.S. agricul-
ture. Unfortunately, no reporting system exists for the quantity of antimi-
crobials used in food animals in the United States. The Animal Health
Institute (AHI), which represents 80 percent of the companies that produce
antimicrobials for animals in the United States, has estimated that their
member companies produced 18 million pounds of antimicrobials for use
in food animals in the United States in 1999 (AHI, 2000). An alternative
estimate was provided by the Union of Concerned Scientists (UCS) in 2001
which calculated that 89 percent of the 35 million pounds of antimicrobial
agents used annually in the United States are given to animals. Of the
amount used in agriculture, 28 million pounds (93 percent) are used in the
absence of disease (Mellon et al., 2001). Though more precise data on the
quantity of antimicrobial agents used in food animals is needed, these initial
estimates provide some perspective on the quantity.

As in human medicine, the use of antimicrobial agents in agriculture
creates a selective pressure for the emergence and dissemination of antimi-
crobial-resistant bacteria including animal pathogens, human pathogens
which have food animal reservoirs, and other bacteria which are present in
food animals (Cohen and Tauxe, 1986; Levy, 1997; van den Bogaard and
Stobberingh, 1999). These resistant bacteria may be transferred to humans
either through the food supply or by direct contact with animals (Oosterom,
1991; Levy, 1997; Khachatourians, 1998; Witte, 1998). The transfer of
resistant bacteria from food-producing animals to humans is most evident
in human bacterial pathogens which have food animal sources, such as
Campylobacter, which has a reservoir in chickens and turkeys (Tauxe,
1992; USDA, 1996; Altekruse et al., 1999), and Salmonella, which has
reservoirs in cattle, chickens, pigs, and turkeys (Meng and Doyle, 1998;
Angulo et al., 2000). To monitor antimicrobial resistance in foodborne
enteric pathogens, the National Antimicrobial Resistance Monitoring Sys-
tem (NARMS) for Enteric Bacteria was launched in 1996.

NARMS is a collaboration among the Centers for Disease Control and
Prevention (CDC), the Center for Veterinary Medicine at the Food and
Drug Administration (FDA), the United States Department of Agriculture
(USDA), and state and local health departments. In addition to NARMS,
the Foodborne Diseases Active Surveillance Network (FoodNet) conducts
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population-based studies to estimate the burden and sources of specific
foodborne diseases in nine states.

Campylobacter

NARMS has been used to monitor the prevalence of fluoroquinolone-
resistant Campylobacter in the United States since 1997. The emergence of
fluoroquinolone resistance among Campylobacter is an example of antimi-
crobial resistance resulting from the use of antimicrobial agents in food
animals and the subsequent transfer via the food supply of resistant bacte-
ria to humans. Fluoroquinolones were approved for human medicine in
1986. A national prospective study of reported Campylobacter cases be-
tween 1989–1990 found no Campylobacter isolates to be resistant to fluoro-
quinolones (CDC, 2000). The first fluoroquinolones approved for use in
food animals in the United States were sarofloxacin in 1995 and enro-
floxacin in 1996. These fluoroquinolones were approved for the treatment
of respiratory disease in chickens and turkeys.

A study conducted in Minnesota reported that resistance of human
Campylobacter jejuni infections to quinolones increased from 1 percent in
1992 to 10 percent in 1998. Resistant infections that were domestically
acquired increased significantly from 1996 through 1998, a finding that
was temporally associated with the licensure of fluoroquinolones for use in
poultry in 1995. Molecular subtyping of human isolates and domestic
chicken products from retail stores showed a significant association be-
tween resistant Campylobacter jejuni strains from chickens and domesti-
cally acquired infections in residents (Smith et al., 1999). Testing of 1997
NARMS Campylobacter jejuni isolates found fluoroquinolone resistance
among 13 percent of the isolates; this figure has remained high at 14
percent of isolates in 2000 (CDC, 2000).

In a case-control study of fluoroquinolone-resistant Campylobacter in-
fections conducted in the FoodNet sites, 58 percent of resistant infections
were acquired domestically (Kassenborg et al., unpublished data). When
domestically acquired fluoroquinolone-resistant Campylobacter cases were
compared with well controls, cases were 10 times more likely to have eaten
poultry cooked at a commercial establishment. Since chicken is not im-
ported into the United States, this observation supports the conclusion that
poultry is the dominant source of domestically acquired fluoroquinolone-
resistant Campylobacter infections in the United States. In a recent risk
assessment, FDA concluded that the use of fluoroquinolones in chickens in
the United States has compromised the treatment with fluoroquinolones of
almost 10,000 people a year; meaning that each year, thousands of people
with Campylobacter infections seek medical care and are treated with
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fluoroquinolones, but their infection is already fluoroquinolone-resistant
(FDA, 2000).

Salmonella

In addition to fluoroquinolone-resistant Campylobacter, there is also
the potential for an emergence of domestically acquired fluoroquinolone-
resistant Salmonella in the United States. Fluoroquinolones are the most
commonly used antimicrobial for the treatment of invasive Salmonella in-
fections in adults (Angulo et al., 2000). In 2000, 1.4 percent of Salmonella
isolates collected by NARMS had a decreased susceptibility to fluoro-
quinolones (MIC > 0.25 µg/ml), an increase from 0.4 percent in 1996
(CDC, 2000). This decreasing susceptibility to fluoroquinolones among
Salmonella infections is of immediate concern as isolates with a MIC > 0.25
µg/ml typically only require a single additional point mutation to become
resistant (MIC > 4 µg/ml), and therefore represent a potential reservoir for
the emergence of resistant Salmonella should such isolates be exposed to
continued selective pressure (Nakamura et al., 1993). Furthermore, pa-
tients infected with Salmonella strains with a decreased susceptibility to
fluoroquinolones may respond poorly to treatment with fluoroquinolones
and have been associated with apparent treatment failures (Molbak et al.,
1999; Angulo et al., 2000).

Third-generation cephalosporins, such as ceftriaxone, are commonly
used for treatment of invasive Salmonella infections in children because of
their pharmacodynamic properties and low prevalence of resistance to these
agents. There is therefore concern about the potential emergence of
ceftriaxone-resistant Salmonella. The first reported case of domestically
acquired ceftriaxone-resistant Salmonella was in a 12-year-old child in Ne-
braska (Fey et al., 2000). Investigation by public health officials revealed
that the child lived on a farm and his father was a veterinarian. Before the
child’s illness, the father was treating several cattle herds for outbreaks due
to culture-confirmed Salmonella infection.

Although no information was available regarding the use of antimicro-
bial agents among the infected herds, a third-generation cephalosporin,
ceftiofur, is widely used in cattle. Ceftriaxone-susceptible and ceftriaxone-
resistant Salmonella were isolated from ill cattle treated by the veterinarian.
Both ceftriaxone-resistant and ceftriaxone-susceptible cattle isolates and
the ceftriaxone-resistant isolate from the child had similar genetic struc-
tures as determined by pulsed-field gel electrophoresis (PFGE). These simi-
lar molecular “fingerprints” and their temporal isolation suggest that
ceftriaxone resistance emerged in the cattle herds, probably following use
of ceftiofur or other antibiotics that would have selected for and main-
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tained the ceftriaxone-resistant determinant within the intestinal flora of
the involved herds.

The Nebraska child’s ceftriaxone-resistant infection was not an iso-
lated event. The percentage of non-Typhi Salmonella isolates in NARMS
resistant to ceftriaxone increased 13-fold from 0.1 percent in 1996 to 1.3
percent in 2000 (CDC, 2000). When patients from whom isolates were
received in 1996–1998 were interviewed, few reported international travel,
suggesting that most infections were domestically acquired (Fey et al., 2000).
Furthermore, ceftriaxone resistance in most domestically acquired infec-
tions is due to a unique AmpC-type resistance gene (CMY-2), which resides
on a plasmid. The finding of a similar molecular mechanism of resistance
among different Salmonella strains supports horizontal dissemination of a
resistance determinant (Dunne et al., 2000). A 1999 study at the University
of Iowa found multi-drug-resistant, cephalosporin-resistant bovine, por-
cine, and human Salmonella isolates from the same geographic region. All
human and animal resistant isolates encoded a CMY-2 AmpC-like gene
(Winokur et al., 2000).

The emergence of multi-drug-resistant Salmonella typhimurium defini-
tive type 104 (DT104) in the United States and the United Kingdom, which
is resistant to ampicillin, chloramphenicol, streptomycin, sulfonamides, and
tetracycline (ACSSuT), is an example of how a highly resistant clone of
Salmonella has the ability to effectively spread among animals and then to
humans. Described by Glynn et al. (1998), the emergence of S. typhimurium
DT104 in the United States can be traced back to as early as 1985 (Glynn et
al., 1998). The prevalence of Typhimurium isolates with the five-drug pat-
tern of resistance increased from 0.6 percent in 1979–1980 to 34 percent in
1996 (Glynn et al., 1998). Among Typhimurium isolates submitted to
NARMS, the prevalence of the ACSSuT resistance pattern was 28 percent
in both 1999 and 2000 (CDC, 2000).

The highest frequency of ceftriaxone-resistant Salmonella among
NARMS isolates is emerging in multi-drug-resistant (MDR) Salmonella
Newport, which is defined as resistance to at least ampicillin, chloram-
phenicol, streptomycin, sulfamethoxazole, and tetracycline. Of all MDR
Salmonella Newport isolates submitted to NARMS in 2000, a remarkable
50 percent are resistant to ceftriaxone (CDC, 2000).

Commensal Bacteria

Pathogenic bacteria, such as Campylobacter and Salmonella, are not
the only concern when considering antimicrobial resistance in bacteria with
food animal reservoirs. Commensal bacteria, which are naturally occurring
host flora, constitute an enormous potential reservoir of resistance genes
for pathogenic bacteria. The prevalence of antibiotic resistance in the com-
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mensal bacteria of humans and animals is considered to be a good indicator
of the selective pressure of antibiotic usage and reflects the potential for
resistance in future infections (Hummel et al., 1986; Lester et al., 1990;
Murray, 1992; van den Bogaard et al., 2000b).

Most resistant bacteria have mobile genetic elements such as R-plas-
mids and transposons. As the reservoir of resistant commensal bacteria
increases, the plasmid reservoir becomes larger and enables more frequent
transfer of resistance to pathogenic bacteria including Salmonella and Shi-
gella. Escherichia coli, which is the predominant isolate of aerobic fecal
flora in humans and most animals, has demonstrated its ability to transfer
resistance genes to other species, including pathogenic bacteria (Chaslus-
Dancla et al., 1986; Hummel et al., 1986; Tauxe et al., 1989; Shoemaker et
al., 1992; Nikolich et al., 1994; Berkowitz and Mechock, 1995; Winokur et
al., 2001). Recent studies have shown an emerging resistance in E. coli to
fluoroquinolones and third-generation cephalosporins. A study by Garau et
al. (1999), demonstrated an increase in quinolone-resistant E. coli infec-
tions in Spain from 9 percent to 17 percent over the course of five years.
This study also showed a high prevalence of quinolone-resistant E. coli in
healthy children and adults (26 percent and 24 percent, respectively) which
could not be explained by previous use of quinolones.

 Animal testing from slaughterhouses in the area found a high rate of
quinolone-resistant E. coli in swine and chickens (45 percent and 90 per-
cent, respectively) (Garau et al., 1999). Winokur et al. (2001) found 16
percent of clinical E. coli isolates from cattle and swine and 1 percent of
clinical human E. coli isolates collected in Iowa to be resistant to extended
spectrum cephalosporins. This study also identified identical CMY-2 genes
in resistant isolates from both humans and animals, suggesting transfer of
the resistance gene between food animals and humans.

Another example of potential animal-to-human transfer of resistant
commensal bacteria is quinupristin/dalfopristin-resistant Enterococcus
faecium. Quinupristin/dalfopristin (Synercid®) was approved for use in hu-
mans in 1999 for treatment of vancomycin-resistant E. faecium infections.
However, virginiamycin, an analog of quinupristin/dalfopristin that is cross-
resistant, has been used as a growth promoter in food animals in the United
States since 1974 (Rende-Fournier et al., 1993; National Research Council,
1999). A study conducted by CDC in 1998–1999, before the approval of
Synercid® use in humans, found quinupristin/dalfopristin-resistant E.
faecium on 58 percent of chickens purchased in grocery stores from four
different states. Additionally, quinupristin/dalfopristin-resistant E. faecium
was found in 1 percent of the stools from non-hospitalized people who
submitted a stool specimen to clinical laboratories (McDonald et al., 2001).
Similar data in Europe led the European Union to ban the subtherapeutic
use of virginiamycin in food animals in 1998 (Wegener et al., 1999). These
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findings suggest virginiamycin use in chickens has created a large reservoir
of quinupristin/dalfopristin-resistant E. faecium to which humans are com-
monly exposed. The use of quinupristin/dalfopristin in humans for the
treatment of vancomycin-resistant E. faecium and other serious infections
may contribute additional selective pressure leading to an increased preva-
lence of quinupristin/dalfopristin resistance in humans.

Clinical Implications

Two human health consequences of increasing antimicrobial resistance
in foodborne bacteria are an increase in foodborne illnesses and an increase
in number of treatment failures. Increased human infections by resistant
foodborne pathogens occur as the prevalence of resistance increases and as
humans are exposed to antimicrobial agents. Taking an antimicrobial may
lower the infectious dose for Salmonella and potentially other foodborne
bacteria, if the pathogen is resistant to that antimicrobial (Ryan et al.,
1985). Analyses of antimicrobial-resistant Salmonella outbreaks have dem-
onstrated that previous exposure to antimicrobials can result in a larger
number of cases than would have occurred if the outbreak had been caused
by a sensitive strain (Cohen and Tauxe, 1986).

Bohnhoff et al., showed in the early 1960s that mice with an “undis-
turbed” normal intestinal flora have a Salmonella infectious dose of about
106 organisms (Bohnhoff aand Miller, 1962). When they “disturbed” the
normal flora by administering streptomycin, the infectious dose for strepto-
mycin-resistant Salmonella decreased to only 10 organisms. In Salmonella
outbreaks, it has been observed that preceding, unrelated treatment with an
antimicrobial can predispose humans to infection with resistant (Holmberg
et al., 1984; Ryan et al., 1987; Spika et al., 1987) or susceptible Salmonella
(Pavia et al., 1990). Similarly, in studies of sporadic salmonellosis, preced-
ing treatment with an antimicrobial was a risk factor for a resistant infec-
tion, compared to susceptible infections (Riley et al., 1984; MacDonald et
al., 1987; Lee et al., 1994). Physicians should be aware that as foodborne
pathogens become increasingly resistant, treating patients with antimicro-
bials, regardless of the reason, increases the risk for that patient to develop
a subsequent infection caused by resistant foodborne bacteria. The public
health impact of this potentiation effect is more cases of illness and larger
outbreaks.

In addition to causing more human illnesses, increasing antimicrobial
resistance in foodborne pathogens may result in treatment failures if the
foodborne pathogen is resistant to an antimicrobial used for treatment. As
previously described, resistance is emerging to antimicrobials commonly
used for treatment of serious Salmonella infections, that is, fluoroquinolones
in adults and extended-spectrum cephalosporins in children. An example of
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probable treatment failures was recently described by researchers in Den-
mark, where a multi-drug-resistant S. typhimurium DT104 outbreak attrib-
uted to contaminated pork was traced back to a swine herd (Molbak et al.,
1999). The Salmonella isolates from humans and pork samples had de-
creased susceptibility to fluoroquinolones, and two patients who were
treated with fluoroquinolones died. An official review of these deaths con-
cluded that decreased susceptibility to fluoroquinolones was a contributing
factor.

Conclusion

Given that there is an increasing prevalence of antimicrobial resistance
and that this resistance has clinical implications, there is a need for mitiga-
tion efforts. Such actions will require collaborative efforts by several part-
ners, including the farming, veterinary, medical, and public health commu-
nities. Enhanced surveillance is essential for evaluating and directing these
efforts. There is a particular need to establish surveillance of antimicrobial
usage in animals.

In the United States, collaborative federal actions to address antimicro-
bial resistance in agriculture are outlined in the Public Health Action Plan
to Combat Antimicrobial Resistance, released in 2001 by an interagency
task force (U.S. Government, 2001). Action items in this plan include im-
proved surveillance of antimicrobial drug use and resistance, research and
education, and, as a top priority item, refining and implementing the FDA’s
Framework Document. This Framework Document proposes a modified
approval process for antimicrobials used in animals (FDA, 1999). It intends
to ensure the human safety of antimicrobials used in animals by prioritizing
these drugs according to their importance in human medicine. Additionally,
it proposes to establish required mitigation actions with increasing resis-
tance and to account for resistance developing from specific animal uses.
Education of veterinarians regarding appropriate use of antibiotics has
been promoted by the American Veterinary Medical Association (AVMA)
with published guidelines for the therapeutic use of antibiotics (AVMA,
1998).

The widespread use of antimicrobial agents in food animals is associ-
ated with increasing antimicrobial resistance in foodborne pathogens, which
subsequently may be transferred to humans. The transfer of these resistant
bacteria or the genetic determinants for resistance causes adverse health
consequences in humans by increasing the number of foodborne illnesses
and increasing the potential for treatment failures. To address this public
health problem, overuse and misuse of antimicrobial agents in food animals
and humans must be reduced. This will be accomplished by adherence to
guidelines for therapeutic use of antimicrobial agents in food animals, and
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the discontinuation of use of antimicrobial agents with a human analog as
growth promoters unless risk assessments have indicated their safety for
public health. Several European countries have already demonstrated the
feasibility of such measures and the effectiveness of these interventions to
combat antimicrobial resistance and reduce public health risks.
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Appendix B

Issues of Resistance: Microbes, Vectors, and the Host
February 6–7, 2002

Lecture Room
National Academy of Sciences

2101 Constitution Avenue, NW
Washington, DC 20418

AGENDA

WEDNESDAY, FEBRUARY 6, 2002

**** A PUBLIC DISSEMINATION PANEL DISCUSSION OF THE
BIOLOGICAL THREATS REPORT will take place from
9:00–10:00 am. Breakfast will be served. ****

10:30 am Welcome and Opening Remarks
Adel Mahmoud, Chair, Forum on Emerging Infections
President, Merck Vaccines

10:45 Arms Races with Evolving Diseases: Patterns, Costs and
Containment
Stephen Palumbi, Harvard University

Session I: Case Studies of Antimicrobial Resistance

Moderator: Carlos Lopez, Eli Lilly
11:15 The Cost of Antimicrobial Resistance

Richard Smith, University of East Anglia, United Kingdom
11:45 Resistant Strains of Pneumococci, Staphylococci, and

Enterococci
Alexander Tomasz, Laboratory of Microbiology,
Rockefeller University

12:15 pm LUNCH
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1:30 Resistance to HIV-1 Drug Therapies
Robert Redfield, The Institute of Human Virology,
University of Maryland

2:00 Chloroquine-Resistant Malaria
Thomas Wellems, National Institute for Allergy and
Infectious Diseases, NIH

2:30 Schistosomiasis and Antihelminth Resistance
Charles King, Division of Geographic Medicine, Case
Western Reserve University

3:00 Epitope Escape Variants
Robert Webster, St. Jude Children’s Research Hospital and
World Health Organization Collaborating Center for
Studies on the Ecology of Influenza in Animals and Birds

Session II: Vector Resistance

Moderator: Barry Beaty, Colorado State University
3:30 Pesticide Resistance: Implications for Disease Emergence

and Control
Janet Hemingway, Liverpool School of Tropical Medicine,
United Kingdom

4:00 Studies in Antibiotic Resistance and Insecticide Resistance:
Commonalties, Differences, and New Directions
Steven Peck, Zoology Department, Brigham Young
University

4:30 Managing the Emergence of Pesticide Resistance in Disease
Vectors
William Brogdon, Division of Parasitic Diseases, Centers
for Disease Control and Prevention

Session III: Discussion Panel

Moderator: Carole Heilman, National Institute for Allergy and Infectious
Diseases
5:00 William Jack, Georgetown University

Lynn Marks, GlaxoSmith Kline
Steve Brickner, Pfizer

6:00 Adjournment of the first day
6:15 DINNER MEETING OF THE FORUM ON EMERGING

INFECTIONS
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THURSDAY, FEBRUARY 7, 2002

8:30 am Continental Breakfast
9:00 Opening Remarks / Summary of Day 1

Stanley Lemon, Vice Chair, Forum on Emerging Infections
Dean of Medicine, The University of Texas Medical Branch,
Galveston

9:15 Antibiotic Resistance 1992–2002: A Decade’s Journey
Stuart Levy, School of Medicine, Tufts University

Session IV: Factors of Emergence

Moderator: Mary Wilson, Harvard University
9:45 Patterns of Use for Antimicrobials in Developing Countries

Iruka Okeke, University of Bradford, United Kingdom
10:15 Health Care-Acquired Infections: Hospitals and Long-Term

Care Facilities as Breeding Grounds for Antimicrobial
Resistance
Lindsay Nicolle, University of Manitoba, Canada

10:45 The Use of Antimicrobials in Food-Producing Animals
Thomas Shryock, Elanco Lilly Research

11:15 Special Considerations: Anthrax, Large-Scale/Long-Term
Prophylaxis or Therapy and the Emergence of Microbial
Resistance
Thomas Elliott, Armed Forces Radiobiology Research
Institute, Uniformed Services University of the Health
Sciences

Session V: Containing the Development of Resistance

Moderator: James Hughes, Centers for Disease Control and Prevention
11:45 Emergence of Multiple Mechanisms of Resistance to

Antibacterials
Shahriar Mobashery, Department of Biochemistry, Wayne
State University

12:15 pm Emerging Technologies to Combat Resistance:
Opportunities and Limitations
Vincent Fischetti, Laboratory of Bacterial Pathogenesis,
Rockefeller University

12:45 LUNCH
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1:30 Interagency Action Plan to Combat Antimicrobial
Resistance
David Bell, National Center for Infectious Diseases, Centers
for Disease Control and Prevention
Murray Lumpkin, Office of the Commissioner, Food and
Drug Administration

2:15 Using Pharmacokinetics and Pharmacodynamics to Manage
Resistance in the Hospital, at the Bedside, and in Drug
Development
Jerome Schentag, University at Buffalo School of Pharmacy

2:45 FDA Regulatory Approaches to Controlling Antimicrobial
Resistance
Mark Goldberger, Center for Drug Evaluation and
Research, Food and Drug Administration

3:15 CDC’s 12-Step Program to Address Antimicrobial
Resistance
Julie Gerberding, National Center for Infectious Diseases,
Centers for Disease Control and Prevention

3:45 The Challenges to Implementing Global Policy for the
Control of Antimicrobial Resistance
Anthony Savelli and Terry Green, Management Sciences for
Health

4:15 BREAK

Session VI: Priorities for the Next Steps in Addressing Resistance

Moderator: Fredrick Sparling, University of North Carolina, Chapel Hill
4:30 With the backdrop of the previous days’ presentations and

discussion, Forum members, panel discussants, and the
audience will comment on the issues and next steps that
they would identify as priority areas for consideration
within industry, academia, public health organizations, and
other government sectors. The discussion of priorities will
summarize the issues surrounding emerging opportunities
for more effective collaboration as well as the remaining
research and programmatic needs. The confounding issues
of the major obstacles to preparing an optimal response,
particularly as it relates to the complexities of interaction
between private industry, research and public health
agencies, regulatory agencies, policymakers, academic
researchers, and the public will be explored with an eye
toward innovative responses to such challenges.
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Panel Discussants:
Ramanan Laxminarayan, Resources for the Future
Mary Torrence, U.S. Department of Agriculture,
Cooperative State Research Education and Extension
Service
Donald Roberts, Uniformed Services University of the
Health Sciences

5:30 Adjourn
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Executive Summary

� Deaths from acute respiratory infections, diarrhoeal dis-
eases, measles, AIDS, malaria and tuberculosis account for
more than 85% of the mortality from infection worldwide.
Resistance to first-line drugs in most of the pathogens caus-
ing these diseases ranges from zero to almost 100%. In some
instances resistance to second- and third-line agents is seri-
ously compromising treatment outcome. Added to this is the
significant global burden of resistant hospital-acquired infec-
tions, the emerging problems of antiviral resistance and the
increasing problems of drug resistance in the neglected para-
sitic diseases of poor and marginalized populations.

� Resistance is not a new phenomenon; it was recognized
early as a scientific curiosity and then as a threat to effective
treatment outcome. However, the development of new fami-
lies of antimicrobials throughout the 1950s and 1960s and of
modifications of these molecules through the 1970s and 1980s
allowed us to believe that we could always remain ahead of
the pathogens. By the turn of the century this complacency
had come to haunt us. The pipeline of new drugs is running
dry and the incentives to develop new antimicrobials to
address the global problems of drug resistance are weak.

� Resistance costs money, livelihoods and lives and threatens
to undermine the effectiveness of health delivery programmes.
It has recently been described as a threat to global stability
and national security. A few studies have suggested that resist-
ant clones can be replaced by susceptible ones; in general,
however, resistance is slow to reverse or is irreversible.

Copyright © National Academy of Sciences. All rights reserved.

The Resistance Phenomenon in Microbes and Infectious Disease Vectors:  Implications for Human Health and Strategies for Containment -- Workshop Summary
http://www.nap.edu/catalog/10651.html

http://www.nap.edu/catalog/10651.html


260 THE RESISTANCE PHENOMENON

W
HO

 G
LO

BA
L 

ST
RA

TE
GY

 F
OR

 C
ON

TA
IN

M
EN

T 
OF

 A
N

TI
M

IC
R O

BI
AL

 R
ES

IS
TA

N
CE

  •
  W

HO
/C

DS
/C

SR
/D

RS
/2

00
1.

2a

2

� Antimicrobial use is the key driver of resistance. Paradoxi-
cally this selective pressure comes from a combination of
overuse in many parts of the world, particularly for minor
infections, misuse due to lack of access to appropriate treat-
ment and underuse due to lack of financial support to
complete treatment courses.

� Resistance is only just beginning to be considered as a
societal issue and, in economic terms, as a negative external-
ity in the health care context. Individual decisions to use
antimicrobials (taken by the consumer alone or by the
decision-making combination of health care worker and
patient) often ignore the societal perspective and the perspec-
tive of the health service.

� The World Health Assembly (WHA) Resolution of 19981

urged Member States to develop measures to encourage
appropriate and cost-effective use of antimicrobials, to pro-
hibit the dispensing of antimicrobials without the prescrip-
tion of a qualified health care professional, to improve practices
to prevent the spread of infection and thereby the spread of
resistant pathogens, to strengthen legislation to prevent the
manufacture, sale and distribution of counterfeit anti-
microbials and the sale of antimicrobials on the informal
market, and to reduce the use of antimicrobials in food-
animal production. Countries were also encouraged to
develop sustainable systems to detect resistant pathogens, to
monitor volumes and patterns of use of antimicrobials and
the impact of control measures.

� Since the WHA Resolution, many countries have expressed
growing concern about the problem of antimicrobial resist-
ance and some have developed national action plans to
address the problem. Despite the mass of literature on anti-
microbial resistance, there is depressingly little on the true

1 World Health Organization. World Health Assembly (fifty-first). Emerg-
ing and other communicable diseases: antimicrobial resistance. WHA51.17,
1998, agenda item 21.3.
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costs of resistance and the effectiveness of interventions. Given
this lack of data in the face of a growing realization that
actions need to be taken now to avert future disaster, the
challenge is what to do and how to do it.

� The WHO Global Strategy for Containment of Antimi-
crobial Resistance addresses this challenge. It provides a frame-
work of interventions to slow the emergence and reduce the
spread of antimicrobial-resistant microorganisms through:

— reducing the disease burden and the spread of infec-
tion

— improving access to appropriate antimicrobials

— improving use of antimicrobials

— strengthening health systems and their surveillance
capabilities

— enforcing regulations and legislation

— encouraging the development of appropriate new drugs
and vaccines.

� The strategy highlights aspects of the containment of re-
sistance and the need for further research directed towards
filling the existing gaps in knowledge.

� The strategy is people-centred, with interventions directed
towards the groups of people who are involved in the prob-
lem and need to be part of the solution, i.e. prescribers and
dispensers, veterinarians, consumers, policy-makers in hospi-
tals, public health and agriculture, professional societies and
the pharmaceutical industry.

� The strategy addresses antimicrobial resistance in general
rather than through a disease-specific approach, but is par-
ticularly focused on resistance to antibacterial drugs.

� Much of the responsibility for implementation of the
strategy will fall on individual countries. Governments have a
critical role to play in the provision of public goods such as
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information, in surveillance, analysis of cost-effectiveness and
cross-sectoral coordination.

� Given the complex nature of antimicrobial resistance, the
strategy necessarily contains a large number of recommenda-
tions for interventions. Prioritization of the implementation
of these interventions needs to be customized to national
realities. To assist in this process an implementation approach
has been defined together with indicators for monitoring
implementation and outcomes.

� Recognition that the problem of resistance exists and the
creation of effective national intersectoral task forces are
considered critical to the success of implementation and moni-
toring of interventions. International interdisciplinary coop-
eration will also be essential.

� Improving antimicrobial use must be a key action in
efforts to contain resistance. This requires improving access
and changing behaviour; such changes take time.

� Containment will require significant strengthening of the
health systems in many countries and the costs of implemen-
tation will not be negligible. However, such costs must be
weighed against future costs averted by the containment of
widespread antimicrobial resistance.
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Summary of
recommendations
for intervention
Patients and the general community and
prescribers and dispensers

The emergence of antimicrobial resistance is a complex prob-
lem driven by many interconnected factors, in particular the
use and misuse of antimicrobials. Antimicrobial use, in turn,
is influenced by an interplay of the knowledge, expectations
and interactions of prescribers and patients, economic incen-
tives, characteristics of the health system(s) and the regula-
tory environment. In the light of this complexity, coordinated
interventions are needed that simultaneously target the
behaviour of providers and patients and change important
features of the environments in which they interact. These
interventions are most likely to be successful if the following
factors are understood within each health setting:

— which infectious diseases and resistance problems are
important

— which antimicrobials are used and by whom

— what factors determine patterns of antimicrobial use

— what the relative costs and benefits are from changing
use

— what barriers exist to changing use.

Although the interventions directed towards providers and
patients are presented separately (1 and 2) for clarity, they
will require implementation in an integrated fashion.
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1 PATIENTS AND THE GENERAL COMMUNITY
Education
1.1 Educate patients and the general community on the

appropriate use of antimicrobials.

1.2 Educate patients on the importance of measures to

prevent infection, such as immunization, vector control,

use of bednets, etc.

1.3 Educate patients on simple measures that may reduce

transmission of infection in the household and commu-

nity, such as handwashing, food hygiene, etc.

1.4 Encourage appropriate and informed health care

seeking behaviour.

1.5 Educate patients on suitable alternatives to anti-

microbials for relief of symptoms and discourage patient

self-initiation of treatment, except in specific circum-

stances.

2 PRESCRIBERS AND DISPENSERS
Education
2.1 Educate all groups of prescribers and dispensers (includ-

ing drug sellers) on the importance of appropriate

antimicrobial use and containment of antimicrobial

resistance.

2.2 Educate all groups of prescribers on disease prevention

(including immunization) and infection control issues.

2.3 Promote targeted undergraduate and postgraduate

educational programmes on the accurate diagnosis and

management of common infections for all health care

workers, veterinarians, prescribers and dispensers.

2.4 Encourage prescribers and dispensers to educate

patients on antimicrobial use and the importance of

adherence to prescribed treatments.

2.5 Educate all groups of prescribers and dispensers on

factors that may strongly influence their prescribing

habits, such as economic incentives, promotional activi-

ties and inducements by the pharmaceutical industry.
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Management, guidelines and formularies
2.6 Improve antimicrobial use by supervision and support

of clinical practices, especially diagnostic and treatment

strategies.

2.7 Audit prescribing and dispensing practices and utilize

peer group or external standard comparisons to pro-

vide feedback and endorsement of appropriate anti-

microbial prescribing.

2.8 Encourage development and use of guidelines and

treatment algorithms to foster appropriate use of

antimicrobials.

2.9 Empower formulary managers to limit antimicrobial use

to the prescription of an appropriate range of selected

antimicrobials.

Regulation
2.10 Link professional registration requirements for prescrib-

ers and dispensers to requirements for training and

continuing education.

Hospitals

Although most antimicrobial use occurs in the community,
the intensity of use in hospitals is far higher; hospitals are
therefore particularly important in the containment of anti-
microbial resistance. In hospitals it is crucial to develop inte-
grated approaches to improving the use of antimicrobials,
reducing the incidence and spread of hospital-acquired
(nosocomial) infections, and linking therapeutic and drug
supply decision-making. This will require training of key
individuals and the allocation of resources to effective surveil-
lance, infection control and therapeutic support.
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3 HOSPITALS
Management
3.1 Establish infection control programmes, based on

current best practice, with the responsibility for effec-

tive management of antimicrobial resistance in

hospitals and ensure that all hospitals have access to

such a programme.

3.2 Establish effective hospital therapeutics committees

with the responsibility for overseeing antimicrobial use

in hospitals.

3.3 Develop and regularly update guidelines for antimicro-

bial treatment and prophylaxis, and hospital antimicro-

bial formularies.

3.4 Monitor antimicrobial usage, including the quantity and

patterns of use, and feedback results to prescribers.

Diagnostic laboratories
3.5 Ensure access to microbiology laboratory services that

match the level of the hospital, e.g. secondary, tertiary.

3.6 Ensure performance and quality assurance of appropri-

ate diagnostic tests, microbial identification, anti-

microbial susceptibility tests of key pathogens, and

timely and relevant reporting of results.

3.7 Ensure that laboratory data are recorded, preferably on

a database, and are used to produce clinically- and

epidemiologically-useful surveillance reports of resist-

ance patterns among common pathogens and infec-

tions in a timely manner with feedback to prescribers

and to the infection control programme.

Interactions with the pharmaceutical industry
3.8 Control and monitor pharmaceutical company promo-

tional activities within the hospital environment and

ensure that such activities have educational benefit.
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Use of antimicrobials in food-producing animals

A growing body of evidence establishes a link between the use
of antimicrobials in food-producing animals and the emer-
gence of resistance among common pathogens. Such resist-
ance has an impact on animal health and on human health if
these pathogens enter the food chain. The factors affecting
such antimicrobial use, whether for therapeutic, prophylactic
or growth promotion purposes, are complex and the required
interventions need coordinated implementation. The under-
lying principles of appropriate antimicrobial use and contain-
ment of resistance are similar to those applicable to humans.
The WHO global principles for the containment of antimi-
crobial resistance in animals intended for food2 were adopted
at a WHO consultation in June 2000 in Geneva. They pro-
vide a framework of recommendations to reduce the overuse
and misuse of antimicrobials in food animals for the protec-
tion of human health. Antimicrobials are widely used in a
variety of other settings outside human medicine, e.g. horti-
culture and aquaculture, but the risks to human health from
such uses are less well understood and they have not been
included in this document.

4 USE OF ANTIMICROBIALS IN FOOD-PRODUCING
ANIMALS

This topic has been the subject of specific consultations

which resulted in “WHO global principles for the containment

of antimicrobial resistance in animals intended for food”2. A

complete description of all recommendations is contained

in that document and only a summary is reproduced here.

2 World Health Organization. WHO global principles for the containment of
antimicrobial resistance in animals intended for food. 2000. www.who.int/
emc/diseases/zoo/who_global_principles.html
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Summary
4.1 Require obligatory prescriptions for all antimicrobials

used for disease control in food animals.

4.2 In the absence of a public health safety evaluation,

terminate or rapidly phase out the use of antimicrobials

for growth promotion if they are also used for treatment

of humans.

4.3 Create national systems to monitor antimicrobial usage

in food animals.

4.4 Introduce pre-licensing safety evaluation of anti-

microbials with consideration of potential resistance to

human drugs.

4.5 Monitor resistance to identify emerging health prob-

lems and take timely corrective actions to protect

human health.

4.6 Develop guidelines for veterinarians to reduce overuse

and misuse of antimicrobials in food animals.

National governments and health systems

Government health policies and the health care systems in
which they are implemented play a crucial role in determin-
ing the efficacy of interventions to contain antimicrobial
resistance. National commitment to understand and address
the problem and the designation of authority and responsi-
bility are prerequisites. Effective action requires the introduc-
tion and enforcement of appropriate regulations and allocation
of appropriate resources for education and surveillance. Con-
structive interactions with the pharmaceutical industry are
critical, both for ensuring appropriate licensure, promotion
and marketing of existing antimicrobials and for encouraging
the development of new drugs and vaccines. For clarity, inter-
ventions relating to these interactions with the industry are
shown in separate recommendation groups (6 and 7).
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5 NATIONAL GOVERNMENTS AND HEALTH SYSTEMS
Advocacy and intersectoral action
5.1 Make the containment of antimicrobial resistance a

national priority.

— Create a national intersectoral task force (member-

ship to include health care professionals, veterinar-

ians, agriculturalists, pharmaceutical manufacturers,

government, media representatives, consumers and

other interested parties) to raise awareness about

antimicrobial resistance, organize data collection

and oversee local task forces. For practical purposes

such a task force may need to be a government task

force which receives input from multiple sectors.

— Allocate resources to promote the implementation

of interventions to contain resistance. These inter-

ventions should include the appropriate utilization

of antimicrobial drugs, the control and prevention

of infection, and research activities.

— Develop indicators to monitor and evaluate the

impact of the antimicrobial resistance containment

strategy.

Regulations
5.2 Establish an effective registration scheme for dispens-

ing outlets.

5.3 Limit the availability of antimicrobials to prescription-

only status, except in special circumstances when they

may be dispensed on the advice of a trained health care

professional.

5.4 Link prescription-only status to regulations regarding

the sale, supply, dispensing and allowable promotional

activities of antimicrobial agents; institute mechanisms

to facilitate compliance by practitioners and systems to

monitor compliance.

5.5 Ensure that only antimicrobials meeting international

standards of quality, safety and efficacy are granted

marketing authorization.
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5.6 Introduce legal requirements for manufacturers to

collect and report data on antimicrobial distribution

(including import/export).

5.7 Create economic incentives for the appropriate use of

antimicrobials.

Policies and guidelines
5.8 Establish and maintain updated national Standard

Treatment Guidelines (STGs) and encourage their im-

plementation.

5.9 Establish an Essential Drugs List (EDL) consistent with

the national STGs and ensure the accessibility and

quality of these drugs.

5.10 Enhance immunization coverage and other disease

preventive measures, thereby reducing the need for

antimicrobials.

Education
5.11 Maximize and maintain the effectiveness of the EDL and

STGs by conducting appropriate undergraduate and

postgraduate education programmes of health care

professionals on the importance of appropriate anti-

microbial use and containment of antimicrobial

resistance.

5.12 Ensure that prescribers have access to approved

prescribing literature on individual drugs.

Surveillance of resistance, antimicrobial usage
and disease burden
5.13 Designate or develop reference microbiology laboratory

facilities to coordinate effective epidemiologically

sound surveillance of antimicrobial resistance among

common pathogens in the community, hospitals and

other health care facilities. The standard of these labo-

ratory facilities should be at least at the level of recom-

mendation 3.6.
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5.14 Adapt and apply WHO model systems for antimicrobial

resistance surveillance and ensure data flow to the

national intersectoral task force, to authorities respon-

sible for the national STGs and drug policy, and to

prescribers.

5.15 Establish systems for monitoring antimicrobial use in

hospitals and the community, and link these findings

to resistance and disease surveillance data.

5.16 Establish surveillance for key infectious diseases and

syndromes according to country priorities, and link this

information to other surveillance data.

6 DRUG AND VACCINE DEVELOPMENT
6.1 Encourage cooperation between industry, government

bodies and academic institutions in the search for new

drugs and vaccines.

6.2 Encourage drug development programmes which seek

to optimize treatment regimens with regard to safety,

efficacy and the risk of selecting resistant organisms.

6.3 Provide incentives for industry to invest in the research

and development of new antimicrobials.

6.4 Consider establishing or utilizing fast-track marketing

authorization for safe new agents.

6.5 Consider using an orphan drug scheme where available

and applicable.

6.6 Make available time-limited exclusivity for new formu-

lations and/or indications for use of antimicrobials.

6.7 Align intellectual property rights to provide suitable

patent protection for new antimicrobial agents and

vaccines.

6.8 Seek innovative partnerships with the pharmaceutical

industry to improve access to newer essential drugs.
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7 PHARMACEUTICAL PROMOTION
7.1 Introduce requirements for pharmaceutical companies

to comply with national or international codes of

practice on promotional activities.

7.2 Ensure that national or international codes of practice

cover direct-to-consumer advertising, including adver-

tising on the Internet.

7.3 Institute systems for monitoring compliance with

legislation on promotional activities.

7.4 Identify and eliminate economic incentives that encour-

age inappropriate antimicrobial use.

7.5 Make prescribers aware that promotion in accordance

with the datasheet may not necessarily constitute

appropriate antimicrobial use.

 8 INTERNATIONAL ASPECTS OF CONTAINING
ANTIMICROBIAL RESISTANCE

8.1 Encourage collaboration between governments, non-

governmental organizations, professional societies and

international agencies to recognize the importance of

antimicrobial resistance, to present consistent, simple

and accurate messages regarding the importance of

antimicrobial use, antimicrobial resistance and its

containment, and to implement strategies to contain

resistance.

 8.2 Consider the information derived from the surveillance

of antimicrobial use and antimicrobial resistance, includ-

ing the containment thereof, as global public goods for

health to which all governments should contribute.

8.3 Encourage governments, non-governmental organiza-

tions, professional societies and international agencies

to support the establishment of networks, with trained

staff and adequate infrastructures, which can undertake

epidemiologically valid surveillance of antimicrobial re-

sistance and antimicrobial use to provide information

for the optimal containment of resistance.
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8.4 Support drug donations in line with the UN interagency

guidelines*.

8.5 Encourage the establishment of international inspec-

tion teams qualified to conduct valid assessments of

pharmaceutical manufacturing plants.

8.6 Support an international approach to the control of

counterfeit antimicrobials in line with the WHO guide-

lines**.

8.7 Encourage innovative approaches to incentives for the

development of new pharmaceutical products and

vaccines for neglected diseases.

8.8 Establish an international database of potential research

funding agencies with an interest in antimicrobial

resistance.

8.9 Establish new, and reinforce existing, programmes for

researchers to improve the design, preparation and

conduct of research to contain antimicrobial resistance.

* Interagency Guidelines. Guidelines for Drug Donations, revised
1999. Geneva, World Health Organization, 1999. WHO/EDM/
PAR/99.4.

**Counterfeit drugs. Guidelines for the development of measures
to combat counterfeit drugs. Geneva, World Health Organiza-
tion, 1999. WHO/EDM/QSM/99.1.
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EXECUTIVE SUMMARY

1.  Introduction

Antimicrobial resistance (AMR) is one of the biggest challenges to face
global public health at the beginning of the third millennium. However,
there is little accurate information concerning many aspects of AMR,
including, in particular, the cost and/or effectiveness of various strategies
which may prevent the emergence of AMR and/or limit the transmission of
resistant organisms, or resistance determinants. The Global Forum for
Health Research therefore provided funding to:

1. Review current knowledge concerning the cost and/or effectiveness
of (medical) interventions aimed at reducing the emergence and transmission
of AMR in humans; and

2. Explore the feasibility of, and issues involved in, the development
of an economic model to assess the cost-effectiveness of interventions to
address AMR in humans.

2.  Literature review — Methodology

A systematic literature review was undertaken to describe and critically
appraise studies reporting on: (i) the costs and/or effectiveness of strategies
to prevent, and control the spread of, AMR; and (ii) the cost impact of
resistance. Literature was identified through contact with key international
figures and institutions in the field of AMR, and through searching major
electronic bibliographic databases. Approximately 155 studies were
reviewed, following clearly defined inclusion and exclusion, and quality
assessment strategies. Meta-analysis was inappropriate, and thus a
qualitative overview provided.

3.  Literature review — Results

From this review it would appear that most studies:

1. Are from the developed world (principally the USA);
2. Are mostly hospital/other institution based, with few community

level interventions;
3. Are concerned with control of transmission as opposed to

prevention of emergence;
4. Cover “micro” interventions, such as hand-washing, and not more

“macro” policy interventions, such as legislation, global control of drug
availability, tax/subsidy; and
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5. Do not measure the cost impact of AMR to the health service,
patients or society.

There were few studies examining strategies to reduce AMR in
developing countries, although several focusing upon prescribing were
reviewed. This may be a reflection of pharmaceuticals being widely available
at a community level (with few restrictions governing their availability)
and, as a consequence, much inappropriate prescribing. Given the focus on
prescribing, it is not surprising that, here, analysis tended to be concentrated
at the community level.

Overall, there appears to be no definitive evidence (cost and/or
effectiveness) which suggests that one specific control measure (or
combination) is particularly more successful than another in containing the
spread of AMR. In addition, many interventions that impinge on levels of
antimicrobial usage, and thus ultimately levels of resistance, are also not
currently being subject to such formal evaluation.

4.  Modelling cost-effectiveness —techniques and methods

Modelling is an extrapolation of the main parameters which influence
the phenomenon of interest, and then a construction of relationships
between these parameters. There are six main forms of modelling in
common use which might be applied to AMR:

1. Decision-analytic models
2. Markov-chain models
3. Monte-Carlo simulation
4. Mathematical models
5. Statistical models
6. Macro-economic models

These forms of modelling differ in their theoretical and methodological
basis, the purpose for which they are designed, the manner of presentation
and the level of data required. The theoretical and methodological features
of each of these forms of model are summarised in chapter 4.

5.  Modelling cost-effectiveness —factors in model development

In considering the range of possible approaches to modelling for AMR
there are several specific factors that are important in determining which is
most suitable:
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1. Contextual factors, such as socio-economic environment, type of
health care system and demographic characteristics of the population;

2. Policy goal of the intervention, such as a focus upon resistance or
infection, micro or macro intervention and the prevention of emergence or
transmission of AMR;

3. Outcome of interest, referring to a focus upon resistance or health
more widely;

4. Temporal factors and the role of changes over time;
5. Extent of endogeneity of parameters within the model (i.e., those

explained by the model);
6. Discounting of future costs and benefits; and
7. Handling uncertainty, in both the development of new

antimicrobials and the development of resistance.

These will determine the relevant parameters to be collected, and how
the relationships between them will be constructed. These factors are
outlined in chapter 5.

6.  Modelling cost-effectiveness — “minimum” data set

As well as the broader structural issues, outlined in chapter 5, there is a
requirement for specification of variables of importance and the collection
of data related to them. Although these will vary according to the final
model structure, there will likely be a “minimum data set” of variables that
would be required whatever the specific model developed. Chapter 6
considers the variables that would likely comprise such a “minimum data
set” within categories of:

1. Epidemiological or clinical factors relating to resistance;
2. Cost factors relating to resistance;
3. Pattern of antimicrobial usage;
4. Impact on AMR in humans from non-human consumption of

antimicrobials; and
5. Information concerning the costs and effectiveness of the policy

evaluated.

7.  Discussion and research agenda

In terms of current literature, there is a narrow focus upon the closed
hospital system and concentrating upon the effects of policies aimed at
reducing transmission rather than emergence of resistance. However,
although it will be easier to identify the impact of strategies aimed at
reducing transmission in a closed environment, these are not likely to
produce an optimal long-term outcome (i.e., a stable balance of the costs
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and benefits of antimicrobial use). This is because of the possible
irreversibility of AMR and the potentially severe harm which could be
imposed as a result. Yet, given the increasing importance of evidence-based
medicine, strategies that have been evaluated using experimental methods
and well conducted economic evaluations, may be prioritised above these
policies, which are much more difficult to evaluate. This is a danger that
should be avoided both by awareness among policy makers of the relative
challenges associated with evaluating different types of policy, and by
awareness among the research community of the importance of evaluating
policies which may potentially be more important, even if the rigour with
which they can be evaluated is less than for the potentially less important
policies.

Overall, there appears to be no definitive evidence (cost and/or
effectiveness) which suggests that one specific control measure (or indeed a
combination of measures) is particularly successful in containing the spread
of AMR. Although it would seem that surveillance is a basic pre-requisite to
tackling AMR, in the absence of evidence it is difficult to go further in
making recommendations, or in suggesting priorities for research among
those interventions assessed here. Readers are referred to the WHO Global
Strategy for the Containment of Antimicrobial Resistance as presenting the
most current and complete “best advice” on interventions to tackle AMR,
how these should be implemented, and research priorities.

In terms of developing a model to assess the cost-effectiveness of
strategies to tackle AMR, the appropriate and desirable model will need to
satisfy four broad criteria of feasibility, sensitivity, relevance and flexibility.
Considering these criteria, and this review of modelling as applied to AMR,
two broad options are outlined:

1. A “macro-model” approach which attempts to integrate factors
within a broad based model aiming to assess strategies on a more “global”
level; and

2. A “suite” of micro sub-models, each “embedded” within a given
set of primary parameters, such as country, disease and level of intervention
(e.g., hospital or community), which determine which of the “suite” of sub-
models is most appropriate for that context.

A definitive recommendation concerning which form of modelling to
pursue is not possible at present, as it depends upon both feasibility and
relevance to the question and context concerned. However, it is clear that
there needs to be further research in to the modelling of AMR. Although
such a model will require substantial investment of time and resources, the
potential benefits of such a model, if accurately specified and incorporating
quality data, could be vast in terms of the potential health benefit to current
and future generations.
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Appendix F

A Public Health Action Plan to Combat
Antimicrobial Resistance

EXECUTIVE SUMMARY

This Public Health Action Plan to Combat Antimicrobial Resistance
(Action Plan) was developed by an interagency Task Force on Antimicrobial
Resistance that was created in 1999. The Task Force is co-chaired by the
Centers for Disease Control and Prevention, the Food and Drug
Administration, and the National Institutes of Health, and also includes the
Agency for Healthcare Research and Quality, the Health Care Financing
Administration, the Health Resources and Services Administration, the
Department of Agriculture, the Department of Defense, the Department of
Veterans Affairs, and the Environmental Protection Agency.

The Action Plan reflects a broad-based consensus of federal agencies on
actions needed to address antimicrobial1  resistance (AR). Input from state
and local health agencies, universities, professional societies, pharmaceutical
companies, health care delivery organizations, agricultural producers,
consumer groups, and other members of the public was important in
developing the plan. While some actions are already underway, complete
implementation of this plan will require close collaboration with all of these

1In this document, the term “antimicrobial” is used inclusively to refer to any agent (in-
cluding an antibiotic) used to kill or inhibit the growth of microorganisms (bacteria, viruses,
fungi, or parasites.) This term applies whether the agent is intended for human, veterinary, or
agricultural applications.
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partners,2  a major objective of the process. The plan will be implemented
incrementally, dependent on the availability of resources.

The Action Plan provides a blueprint for specific, coordinated federal
actions to address the emerging threat of antimicrobial resistance. This
document is Part I of the Action Plan, focusing on domestic issues. Since
AR transcends national borders and requires a global approach to its
prevention and control, Part II of the plan, to be developed subsequently,
will identify actions that more specifically address international issues. The
Action Plan, Part I (Domestic Issues), includes four focus areas: Surveillance,
Prevention and Control, Research, and Product Development. A summary
of the top priority goals and action items in each focus area follows.

Surveillance

Unless AR problems are detected as they emerge—and actions are taken
quickly to contain them—the world may soon be faced with previously
treatable diseases that have again become untreatable, as in the pre-
antibiotic era. Priority Goals and Action Items in this focus area address
ways to:

• Develop and implement a coordinated national plan for AR
surveillance;

• Ensure the availability of reliable drug susceptibility data for
surveillance;

• Monitor patterns of antimicrobial drug use; and
• Monitor AR in agricultural settings to protect the public’s health

by ensuring a safe food supply as well as animal and plant health.

A coordinated national surveillance plan for monitoring AR in
microorganisms that pose a threat to public health will be developed and
implemented. The plan will specify activities to be conducted at national,
state, and local levels; define the roles of participants; promote the use of
standardized methods; and provide for timely dissemination of data to
interested parties, e.g., public health officials, clinicians, and researchers.

2Implementation of this Action Plan requires working with a wide variety of partners, e.g.,
state and local health agencies, universities, professional societies, pharmaceutical and bio-
technology companies, health care delivery organizations, insurers, agricultural producers,
consumer groups, and the public. A wide variety of expertise is needed, e.g., from clinicians,
consumers, pharmacists, microbiologists, epidemiologists, behavioral and social scientists,
economists, health policy researchers, and others. Partners and expertise needed will vary
with different action items.
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Needed core capacities at state and local levels will be defined and
supported. When possible, the plan will coordinate, integrate, and build on
existing disease surveillance infrastructure. All surveillance activities will be
conducted with respect for patient and institutional confidentiality.

The availability of reliable drug susceptibility data is essential for AR
surveillance. The accuracy of AR detection and reporting will be improved
through training and proficiency testing programs for diagnostic
laboratories and by promoting and further refining standardized methods
for detecting drug resistance in important pathogens, including bacteria,
parasites, fungi, and viruses. Public and private sector partners will address
barriers to AR testing and reporting, e.g., barriers due to changes in health
care delivery.

A plan to monitor patterns of antimicrobial drug use will be developed
and implemented as an important component of the national AR
surveillance plan. This information is essential to interpret trends and
variations in rates of AR, improve our understanding of the relationship
between drug use and resistance, identify and anticipate gaps in availability
of existing drugs, and identify interventions to prevent and control AR.

Improved surveillance for AR in agricultural settings will allow early
detection of resistance trends in pathogens that pose a risk to animal and
plant health, as well as in bacteria that enter the food supply. Agricultural
surveillance data will also help improve understanding of the relationship
between antimicrobial drug and pesticide use and the emergence of drug
resistance.

Prevention and Control

The prevention and control of drug-resistant infections requires
measures to promote the appropriate use3 of antimicrobial drugs and
prevent the transmission of infections (whether drug-resistant or not).
Priority Goals and Action Items in this focus area address ways to:

• Extend the useful life of antimicrobial drugs through appropriate
use policies that discourage overuse and misuse;

• Improve diagnostic testing practices;

3In this Action Plan, appropriate antimicrobial drug use is defined as use that maximizes
therapeutic impact while minimizing toxicity and the development of resistance. In practice,
this means prescribing antimicrobial therapy when and only when beneficial to a patient;
targeting therapy to the desired pathogens; and using the appropriate drug, dose, and dura-
tion.
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• Prevent infection transmission through improved infection control
methods and use of vaccines;

• Prevent and control emerging AR problems in agriculture and
human and veterinary medicine; and

• Ensure that comprehensive programs to prevent and control AR
involve a wide variety of nonfederal partners and the public so these
programs become a part of routine practice nationwide.

Appropriate drug-use policies will be implemented through a public
health education campaign on appropriate antimicrobial drug use as a
national health priority. Other actions in support of appropriate drug use
will include reducing inappropriate prescribing through development of
clinical guidelines and computer-assisted decision support, considering
regulatory changes, supporting other interventions promoting education
and behavior change among clinicians, and informing consumers about the
uses and limitations of antimicrobial drugs.

Improved diagnostic practices will be promoted by encouraging the use
of rapid diagnostic methods to guide drug prescribing, facilitating direct
consultation between clinicians and laboratory personnel with appropriate
expertise and authority, and promoting the use of appropriate laboratory
testing methods. Guidelines, training, and regulatory and reimbursement
policies will be utilized to promote improved diagnostic practices.

Reduced rates of infection transmission will be addressed through
public health campaigns that promote vaccination and hygienic practices
such as hand washing, safe food handling, and other behaviors associated
with prevention of infection transmission. Infection control in health care
settings will be enhanced by developing new interventions based on rapid
diagnosis, improved understanding of the factors that promote cross-
infection, and modified medical devices or procedures that reduce the risk
of infection.

The prevention and control of AR in agriculture and veterinary
medicine requires 1) improved understanding of the risks and benefits of
antimicrobial use and ways to prevent the emergence and spread of
resistance; 2) development and implementation of principles for appropriate
antimicrobial drug use in the production of food animals and plants; 3)
improved animal husbandry and food production practices to reduce the
spread of infection; and 4) a regulatory framework to address the need for
antimicrobial drug use in agriculture and veterinary medicine while ensuring
that such use does not pose a risk to human health.

Comprehensive, multifaceted programs involving a wide variety of
nonfederal partners and the public are required to prevent and control AR.
The AR Task Force agencies will ensure ongoing input from, review by, and
collaboration with nonfederal partners. The appropriate agencies will
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support demonstration projects that use multiple interventions to prevent
and control AR (e.g., through surveillance, appropriate drug use, optimized
diagnostic testing, immunization practice, and infection control). The Task
Force agencies will encourage the incorporation of effective programs into
routine practice by implementing model programs in federal health care
systems and promoting the inclusion of AR prevention and control activities
as part of quality assurance and accreditation standards for health care
delivery nationwide.

Research

Understanding the fundamental processes involved in antimicrobial
resistance within microbes and the resulting impact on humans, animals,
and the environment forms an important basis for influencing and changing
these processes and outcomes. Basic and clinical research provides the
fundamental knowledge necessary to develop appropriate responses to
antimicrobial resistance emerging and spreading in hospitals, communities,
farms, and the food supply. Priority Goals and Action Items in this focus
area address ways to:

• Increase understanding of microbial physiology, ecology, genetics,
and mechanisms of resistance;

• Augment the existing research infrastructure to support a critical
mass of researchers in AR and related fields; and

• Translate research findings into clinically useful products, such as
novel approaches to detecting, preventing, and treating antimicrobial-
resistant infections.

Needs in the field of AR research will be identified and addressed
through a government-wide program review with external input. Additional
research is needed, for example, on the epidemiology of resistance genes; on
mechanisms of AR emergence, acquisition, spread, and persistence; and on
the effects of antibiotics used as agricultural growth promoters on microbes
that live in animals, humans, plants, soil, and water. Further study is also
required to determine whether variations in drug use regimens may stimulate
or reduce AR emergence and spread. Improved understanding of the causes
of AR emergence will lead to the development of tools for reducing
microbial resistance, as well as for predicting where AR problems are likely
to arise.

A comprehensive research infrastructure will help ensure a critical mass
of AR researchers who will interact, exchange information, and stimulate
new discoveries. This aim will be achieved through the appropriate strategies
and scientific conferences that promote research on AR. The AR Task
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Force agencies will work with the academic and industrial research
communities to attract AR researchers, prioritize needs, identify key
opportunities, and optimize the utilization of resources to address AR
problems.

The translation of research findings into innovative clinical products to
treat, prevent, or diagnose drug-resistant infections is an area in which the
federal government can play an important role, focusing on gaps not filled
by the pharmaceutical industry or by other nongovernment groups. Special
efforts will be placed on the identification, development, and testing of
rapid, inexpensive, point-of-care diagnostic methods to facilitate
appropriate use of antimicrobials. The AR Task Force agencies will also
encourage basic research and clinical testing of diagnostic methods, novel
treatment approaches, new vaccines, and other prevention approaches for
resistant infections.

Product Development

As antimicrobial drugs lose their effectiveness, new products must be
developed to prevent, rapidly diagnose, and treat infections. The Priority
Goals and Action Items in this focus area address ways to:

• Ensure that researchers and drug manufacturers are informed of
current and projected gaps in the arsenal of antimicrobial drugs, vaccines,
and diagnostics and of potential markets for these products (designated
here as “AR products”);

• Stimulate the development of priority AR products for which
market incentives are inadequate, while fostering their appropriate use; and

• Optimize the development and use of veterinary drugs and related
agricultural products that reduce the transfer of resistance to pathogens
that can infect humans.

Current and projected gaps in the arsenal of AR products and potential
markets for these products will be reported to researchers and drug
manufacturers through an interagency working group convened to identify
and publicize priority public health needs.

The development of urgently needed AR products will be stimulated
throughout the process from drug discovery through licensing. The
regulatory process for AR products will continue to be streamlined, and
incentives that promote the production and appropriate use of priority AR
products can be evaluated in pilot programs that monitor costs and assess
the return on the public investment.

The production of veterinary AR products that reduce the risk of
development and transfer of resistance to drugs used in human clinical
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medicine will be expedited through a streamlined regulatory and approval
process. As with drugs for the treatment of human infections, pilot programs
can be initiated to evaluate incentives that encourage the development and
appropriate use of priority products that meet critical animal and plant
health needs.

Private and public partners will also evaluate ways to improve or reduce
the agricultural use of particular antimicrobial drugs, as well as ways to
prevent infection, such as the use of veterinary vaccines, changes in animal
husbandry, and the use of competitive exclusion products (i.e., treatments
that affect the intestinal flora of food animals).

TOP PRIORITY ACTION ITEMS TO
COMBAT ANTIMICROBIAL RESISTANCE

(All 13 items have top priority, regardless of their order in the list.)

Surveillance

• With partners, design and implement a national AR surveillance
plan that defines national, regional, state, and local surveillance activities
and the roles of clinical, reference, public health, and veterinary laboratories.
The plan should be consistent with local and national surveillance
methodology and infrastructure that currently exist or are being developed.
(Action Item #2)

• Develop and implement procedures for monitoring patterns of
antimicrobial drug use in human medicine, agriculture, veterinary medicine,
and consumer products. (Action Item #5)

Prevention and Control

• Conduct a public health education campaign to promote
appropriate antimicrobial use as a national health priority. (Action Item
#25)

• In collaboration with many partners, develop and facilitate the
implementation of educational and behavioral interventions that will assist
clinicians in appropriate antimicrobial prescribing. (Action Item #26)

• Evaluate the effectiveness (including cost-effectiveness) of current
and novel infection-control practices for health care and extended care
settings and in the community. Promote adherence to practices proven to be
effective. (Action Item #39)

• In consultation with stakeholders, refine and implement the
proposed FDA framework for approving new antimicrobial drugs for use in
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food-animal production and, when appropriate, for re-evaluating currently
approved veterinary antimicrobial drugs. (Action Item #58)

• Support demonstration projects to evaluate comprehensive
strategies that use multiple interventions to promote appropriate drug use
and reduce infection rates, in order to assess how interventions found
effective in research studies can be applied routinely and most cost-
effectively on a large scale. (Action Item #63)

Research

• Provide the research community genomics and other powerful
technologies to identify targets in critical areas for the development of new,
rapid diagnostics methodologies, novel therapeutics, and interventions to
prevent the emergence and spread of resistant pathogens. (Action Item #70)

• In consultation with academia and the private sector, identify and
conduct human clinical studies addressing AR issues of public health
significance that are unlikely to be studied in the private sector (e.g., novel
therapies, new treatment regimens, and other products and practices).
(Action Item #75)

• Identify, develop, test, and evaluate new rapid diagnostic methods
for human and veterinary uses with partners, including academia and the
private sector. Such methods should be accurate, affordable, and easily
implemented in routine clinical settings (e.g., tests for resistance genes,
point-of-care diagnostics for patients with respiratory infections and
syndromes, and diagnostics for drug resistance in microbial pathogens,
including in nonculture specimens). (Action Item #76)

• Encourage basic and clinical research in support of the development
and appropriate use of vaccines in human and veterinary medicine in
partnership with academia and the private sector. (Action Item #77)

Product Development

• Create an Interagency AR Product Development Working Group
to identify and publicize priority public health needs in human and animal
medicine for new AR products (e.g., innovative drugs, targeted spectrum
antibiotics, point-of-care diagnostics, vaccines and other biologics, anti-
infective medical devices, and disinfectants). (Action Item #79)

• Identify ways (e.g., financial and/or other incentives or investments)
to promote the development and/or appropriate use of priority AR products,
such as novel compounds and approaches, for human and veterinary
medicine for which market incentives are inadequate. (Action Item #80)
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Appendix G

Forum Member, Speaker, and
Staff Biographies

FORUM MEMBERS

ADEL A.F. MAHMOUD, M.D., Ph.D., (Chair), is President of Merck
Vaccines at Merck & Co., Inc. He formerly served Case Western Reserve
University and University Hospitals of Cleveland as Chairman of Medicine
and Physician-in-Chief from 1987 to 1998. Prior to that, Dr. Mahmoud
held several positions, spanning 25 years, at the same institutions. Dr.
Mahmoud and his colleagues conducted pioneering investigations on the
biology and function of eosinophils. He prepared the first specific anti-
eosinophil serum, which was used to define the role of these cells in host
resistance to helminthic infections. Dr. Mahmoud also established clinical
and laboratory investigations in several developing countries, including
Kenya, Egypt, and The Philippines, to examine the determinants of infection
and disease in schistosomiasis and other infectious agents. This work led to
the development of innovative strategies to control those infections, which
have been adopted by the World Health Organization (WHO) as selective
population chemotherapy. In recent years, Dr. Mahmoud turned his
attention to developing a comprehensive set of responses to the problems
associated with emerging infections in the developing world. He was elected
to membership of the American Society for Clinical Investigation in 1978,
the Association of American Physicians in 1980, and the Institute of
Medicine of the National Academy of Sciences in 1987. He received the
Bailey K. Ashford Award of the American Society of Tropical Medicine and
Hygiene in 1983, and the Squibb Award of the Infectious Diseases Society
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of America in 1984. Dr. Mahmoud currently serves as Chair of the Forum
on Emerging Infections and is a member of the Board on Global Health,
both of the Institute of Medicine. He also chairs the U.S. Delegation to the
U.S.-Japan Cooperative Medical Science Program.

STANLEY M. LEMON, M.D., (Vice-Chair), is Dean of the School of
Medicine at the University of Texas Medical Branch at Galveston. He
received his undergraduate degree in biochemical sciences from Princeton
University summa cum laude, and his M.D. with honors from the University
of Rochester. He completed postgraduate training in internal medicine and
infectious diseases at the University of North Carolina at Chapel Hill, and
is board-certified in both. From 1977 to 1983, he served with the U.S.
Army Medical Research and Development Command, directing the
Hepatitis Laboratory at the Walter Reed Army Institute of Research. He
joined the faculty of the University of North Carolina School of Medicine in
1983, serving first as Chief of the Division of Infectious Diseases, and then
Vice Chair for Research of the Department of Medicine. In 1997, Dr.
Lemon moved to the University of Texas Medical Branch as Professor and
Chair of the Department of Microbiology & Immunology. He was sub-
sequently appointed Dean pro tem of the School of Medicine in 1999, and
permanent Dean of Medicine in 2000. Dr. Lemon’s research interests relate
to the molecular virology and pathogenesis of the positive-stranded RNA
viruses responsible for hepatitis C and hepatitis A. He is particularly
interested in the molecular mechanisms controlling replication of these
RNA genomes and related mechanisms of disease pathogenesis. He has
published over 180 papers, and numerous textbook chapters related to
hepatitis and other viral infections, and has a longstanding interest in
vaccine development. He has served previously as chair of the Anti-Infective
Drugs Advisory Committee and the Vaccines and Related Biologics
Advisory Committee of the U.S. Food and Drug Administration, and is past
chair of the Steering Committee on Hepatitis and Poliomyelitis of WHO’s
Programme on Vaccine Development. He presently serves as Chairman of
the U.S. Hepatitis Panel of the U.S.-Japan Cooperative Medical Sciences
Program, and recently chaired an Institute of Medicine study committee
related to vaccines for the protection of the military against naturally
occurring infectious disease threats.

DAVID ACHESON, M.D., is Chief Medical Officer at the Center for
Food Safety and Applied Nutrition, U.S. Food and Drug Administration.
He received his medical degree at the University of London. After
completing internships in general surgery and medicine, he continued his
postdoctoral training in Manchester, England, as a Wellcome Trust
Research Fellow. He subsequently was a Wellcome Trust Training Fellow
in Infectious Diseases at the New England Medical Center and at the
Wellcome Research Unit in Vellore, India. Dr. Acheson was Associate
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Professor of Medicine, Division of Geographic Medicine and Infectious
Diseases, New England Medical Center until 2001. He then joined the
faculties of the Department of Epidemiology and Preventive Medicine and
Department of Microbiology and Immunology at the University of
Maryland Medical School. Currently at the FDA, his research concentration
is on foodborne pathogens and encompasses a mixture of molecular patho-
genesis, cell biology, and epidemiology. Specifically, his research focuses on
Shiga toxin-producing E. coli and understanding toxin interaction with
intestinal epithelial cells using tissue culture models. His laboratory has also
undertaken a study to examine Shiga toxin-producing E. coli  in food
animals in relation to virulence factors and antimicrobial resistance patterns.
More recently, Dr. Acheson initiated a project to understand the molecular
pathogenesis of Campylobacter jejuni. Other studies have undertaken
surveillance of diarrheal disease in the community to determine causes,
outcomes, and risk factors of unexplained diarrhea. Dr. Acheson has
authored/co-authored over 72 journal articles and 42 book chapters and
reviews, and is coauthor of the book Safe Eating (Dell Health, 1998). He is
reviewer of more than 10 journals and is on the editorial board of Infection
and Immunity and Clinical Infectious Diseases. Dr. Acheson is a Fellow of
the Royal College of Physicians, a Fellow of the Infectious Disease Society
of America, and holds several patents.

STEVEN J. BRICKNER, Ph.D., is Research Advisor, Antibacterials
Chemistry, at Pfizer Global Research and Development. He received his
Ph.D. in organic chemistry from Cornell University and was a NIH Post-
doctoral Research Fellow at the University of Wisconsin-Madison. Dr.
Brickner is a medicinal chemist with nearly 20 years of research experience
in the pharmaceutical industry, all focused on the discovery and develop-
ment of novel antibacterial agents. He is an inventor/co-inventor on 21 U.S.
patents, and has published numerous scientific papers, primarily within the
area of the oxazolidinones. Prior to joining Pfizer in 1996, he led a team at
Pharmacia and Upjohn that discovered and developed linezolid, the first
member of a new class of antibiotics to be approved in the last 35 years.

GAIL H. CASSELL, Ph.D., is Vice President, Scientific Affairs,
Distinguished Lilly Research Scholar for Infectious Diseases, Eli Lilly &
Company. Previously, she was the Charles H. McCauley Professor and
(since 1987) Chair, Department of Microbiology, University of Alabama
Schools of Medicine and Dentistry at Birmingham, a department which,
under her leadership, has ranked first in research funding from the National
Institutes of Health since 1989. She is a member of the Director’s Advisory
Committee of the Centers for Disease Control and Prevention. Dr. Cassell
is past president of the American Society for Microbiology (ASM) and is
serving her third three-year term as chairman of the Public and Scientific
Affairs Board of ASM. She is a former member of the National Institutes of
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Health Director’s Advisory Committee and a former member of the
Advisory Council of the National Institute of Allergy and Infectious
Diseases. She has also served as an advisor on infectious diseases and indirect
costs of research to the White House Office on Science and Technology and
was previously chair of the Board of Scientific Counselors of the National
Center for Infectious Diseases, Centers for Disease Control and Prevention.
Dr. Cassell served eight years on the Bacteriology-Mycology-II Study Section
and served as its chair for three years. She serves on the editorial boards of
several prestigious scientific journals and has authored over 275 articles
and book chapters. She has been intimately involved in the establishment of
science policy and legislation related to biomedical research and public
health. Dr. Cassell has received several national and international awards
and an honorary degree for her research on infectious diseases.

GORDON DEFRIESE, Ph.D., is Professor of Social Medicine and
Professor of Medicine (in the Division of General Medicine and Clinical
Epidemiology) at the UNC-CH School of Medicine. In addition, he holds
appointments as Professor of Epidemiology and Health Policy and Admini-
stration in the UNC-CH School of Public Health and as Professor of Dental
Ecology in the UNC-CH School of Dentistry. From 1986–2000, he served
as Co-Director of the Robert Wood Johnson Clinical Scholars Program, co-
sponsored by the UNC-CH School of Medicine and the Cecil G. Sheps
Center for Health Services Research. He received his Ph.D. from the Uni-
versity of Kentucky College of Medicine. Some of his research interests are
in the areas of health promotion and disease prevention, medical sociology,
primary health care, rural health care, cost-benefit analysis, and cost-
effectiveness. He is a past president of the Association for Health Services
Research and a fellow of the New York Academy of Medicine. He is
founder of the Partnership for Prevention, a coalition of private-sector
business and industry organizations, voluntary health organizations, and
state and federal public health agencies based in Washington, D.C. that
have joined together to work toward the elevation of disease prevention
among the nation’s health policy priorities. He is an at-large member of the
National Board of Medical Examiners. Since 1994 he has served as President
and CEO of the North Carolina Institute of Medicine. He is Editor-in-Chief
and Publisher of the North Carolina Medical Journal.

CEDRIC E. DUMONT, M.D., is Medical Director for the Office of
Medical Services (MED) at the U.S. Department of State. Dr. Dumont
graduated from Columbia University with a B.A. in 1975 and obtained his
medical degree from Tufts University School of Medicine in 1980. Dr.
Dumont is a board-certified internist with subspecialty training in infectious
diseases. He completed his internal medicine residency in 1983 and in-
fectious diseases fellowship in 1988 at Georgetown University Hospital in
Washington, D.C. Dr. Dumont has been a medical practitioner for over 22
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years, 2 of which included service in the Peace Corps. Since joining the
Department of State in 1990, he has had substantial experience overseas in
Dakar, Bamako, Kinshasa, and Brazzaville. For the past 6 years, as the
Medical Director for the Department of State, Dr. Dumont has promoted
the health of all United States government employees serving overseas by
encouraging their participation in a comprehensive health maintenance
program and by facilitating their access to high-quality medical care. Dr.
Dumont is a very strong supporter of the professional development and
advancement of MED’s highly qualified professional staff. In addition, he
has supported and encouraged the use of an electronic medical record,
which will be able to monitor the health of all its beneficiaries, not only
during a specific assignment but also throughout their career in the Foreign
Service. In the aftermath of the bombings in Nairobi and Dar es Salaam,
Dr. Dumont has led in the development and implementation of a compre-
hensive medical response plan to terrorist attacks on USG missions overseas,
including events involving chemical and biological weapons. He also has
initiated the development and implementation of a Health Promotion and
Wellness program designed for all Department employees and family
members.

JESSE L. GOODMAN, M.D., M.P.H., was professor of medicine and
Chief of Infectious Diseases at the University of Minnesota, and is now
serving as Deputy Director for the U.S. Food and Drug Administration’s
(FDA) Center for Biologics Evaluation and Research, where he is active in a
broad range of scientific, public health, and policy issues. After joining the
FDA commissioner’s office, he has worked closely with several centers and
helped coordinate FDA’s response to the antimicrobial resistance problem.
He was co-chair of a recently formed federal interagency task force which
developed the national Public Health Action Plan on antimicrobial
resistance. He graduated from Harvard College and attended the Albert
Einstein College of Medicine followed by internal medicine, hematology,
oncology, and infectious diseases training at the University of Pennsylvania
and University of California Los Angeles, where he was also chief medical
resident. He received his master’s of public health from the University of
Minnesota. He has been active in community public health activities,
including creating an environmental health partnership in St. Paul,
Minnesota. In recent years, his laboratory’s research has focused on the
molecular pathogenesis of tickborne diseases. His laboratory isolated the
etiological intracellular agent of the emerging tickborne infection, human
granulocytic ehrlichiosis, and identified its leukocyte receptor. He has also
been an active clinician and teacher and has directed or participated in
major multi-center clinical studies. He is a Fellow of the Infectious Diseases
Society of America and, among several honors, has been elected to the
American Society for Clinical Investigation.
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RENU GUPTA, M.D., is Vice President and Head, U.S. Clinical
Research and Development at Novartis Pharmaceuticals. Previously, she
was Vice President, Medical, Safety, and Therapeutics at Covance. Dr.
Gupta is a board-certified pediatrician, with subspecialty training in
Infectious Diseases from Children’s Hospital of Philadelphia and the
University of Pennsylvania. She was also Postdoctoral Research Fellow in
Microbiology at the University of Pennsylvania and the Wistar Institute of
Anatomy and Biology, where she conducted research on the pathogenesis
of infectious diseases. Dr. Gupta received her M.B., Ch.B with distinction
from the University of Zambia, where she examined the problem of poor
compliance in the treatment of tuberculosis in rural and urban Africa. She is
currently active in a number of professional societies, including the
Infectious Diseases Society of America and the American Society of Micro-
biology. She is a frequent presenter at the Interscience Conference on
Antimicrobial Agents and Chemotherapy and other major congresses, and
has been published in leading infectious diseases periodicals. From 1989 to
mid-1998, Dr. Gupta was with Bristol-Myers Squibb Company, where she
directed clinical research as well as strategic planning for the Infectious
Diseases and Immunology Divisions. For the past several years, her work
has focused on a better understanding of the problem of emerging infections.
This has led to her pioneering efforts in establishing the Global Anti-
microbial Surveillance Program, SENTRY, a private-academic-public sector
partnership. Dr. Gupta chaired the steering committee for the SENTRY
Antimicrobial Surveillance Program. She remains active in women’s and
children’s health issues, and is currently furthering education and outreach
initiatives. More recently, Dr. Gupta has been instrumental in the formation
of the Harvard-Pharma Management Board, of which she is a member, to
further the educational goals of the Scholars in Clinical Science Program at
the Harvard Medical School.

MARGARET A. HAMBURG, M.D., is Vice President for Biological
Programs at Nuclear Threat Initiative (NTI), a charitable organization
working to reduce the global threat from nuclear, biological, and chemical
weapons. Dr. Hamburg is in charge of the biological program area. Before
taking on her current position, Dr. Hamburg was the Assistant Secretary
for Planning and Evaluation, U.S. Department of Health and Human
Services, serving as a principal policy advisor to the Secretary of Health and
Human Services with responsibilities including policy formulation and
analysis, the development and review of regulations and/or legislation,
budget analysis, strategic planning, and the conduct and coordination of
policy research and program evaluation. Prior to this, she served for almost
six years as the Commissioner of Health for the City of New York. As chief
health officer in the nation’s largest city, Dr. Hamburg’s many
accomplishments included the design and implementation of an inter-
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nationally recognized tuberculosis control program that produced dramatic
declines in tuberculosis cases; the development of initiatives that raised
childhood immunization rates to record levels; and the creation of the first
public health bioterrorism preparedness program in the nation. She com-
pleted her internship and residency in Internal Medicine at the New York
Hospital/Cornell University Medical Center and is certified by the American
Board of Internal Medicine. Dr. Hamburg is a graduate of Harvard College
and Harvard Medical School. She currently serves on the Harvard
University Board of Overseers. She has been elected to membership in the
Institute of Medicine, the New York Academy of Medicine, and the Council
on Foreign Relations, and is a Fellow of the American Association for the
Advancement of Science and the American College of Physicians.

CAROLE A. HEILMAN, Ph.D., is Director of the Division of
Microbiology and Infectious Diseases (DMID) of the National Institute of
Allergy and Infectious Diseases (NIAID). Dr. Heilman received her bach-
elor’s degree in biology from Boston University in 1972, and earned her
master’s degree and doctorate in microbiology from Rutgers University in
1976 and 1979, respectively. Dr. Heilman began her career at the National
Institutes of Health as a postdoctoral research associate with the National
Cancer Institute where she carried out research on the regulation of gene
expression during cancer development. In 1986, she came to NIAID as the
influenza and viral respiratory diseases program officer in DMID and, in
1988, she was appointed chief of the respiratory diseases branch where she
coordinated the development of acellular pertussis vaccines. She joined the
Division of AIDS as deputy director in 1997 and was responsible for
developing the Innovation Grant Program for Approaches in HIV Vaccine
Research. She is the recipient of several notable awards for outstanding
achievement. Throughout her extramural career, Dr. Heilman has con-
tributed articles on vaccine design and development to many scientific
journals and has served as a consultant to the World Bank and WHO in this
area. She is also a member of several professional societies, including the
Infectious Diseases Society of America, the American Society for
Microbiology, and the American Society of Virology.

DAVID L. HEYMANN, M.D., is currently the Executive Director of
the World Health Organization (WHO) Communicable Diseases Cluster.
From October 1995 to July 1998 he was Director of the WHO Programme
on Emerging and Other Communicable Diseases Surveillance and Control.
Prior to becoming director of this program, he was the chief of research
activities in the Global Programme on AIDS. From 1976 to 1989, prior to
joining WHO, Dr Heymann spent 13 years working as a medical epi-
demiologist in sub-Saharan Africa (Cameroon, Ivory Coast, the former
Zaire, and Malawi) on assignment from the Centers for Disease Control
and Prevention (CDC) in CDC-supported activities aimed at strengthening
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capacity in surveillance of infectious diseases and their control, with special
emphasis on the childhood immunizable diseases, African hemorrhagic
fevers, pox viruses, and malaria. While based in Africa, Dr. Heymann
participated in the investigation of the first outbreak of Ebola in Yambuku
(former Zaire) in 1976, then again investigated the second outbreak of
Ebola in 1977 in Tandala, and in 1995 directed the international response
to the Ebola outbreak in Kikwit. Prior to 1976, Dr. Heymann spent two
years in India as a medical officer in the WHO Smallpox Eradication
Programme. Dr. Heymann holds a B.A. from the Pennsylvania State
University, an M.D. from Wake Forest University, and a Diploma in
Tropical Medicine and Hygiene from the London School of Hygiene and
Tropical Medicine, and completed practical epidemiology training in the
Epidemic Intelligence Service (EIS) training program of the CDC. He has
published 131 scientific articles on infectious diseases in peer-reviewed
medical and scientific journals.

JAMES M. HUGHES, M.D., received his B.A. in 1966 and M.D. in
1971 from Stanford University. He completed a residency in internal medi-
cine at the University of Washington and a fellowship in infectious diseases
at the University of Virginia. He is board-certified in internal medicine,
infectious diseases, and preventive medicine. He first joined CDC as an
Epidemic Intelligence Service officer in 1973. During his CDC career, he
has worked primarily in the areas of foodborne disease and infection control
in health care settings. He became Director of the National Center for
Infectious Diseases in 1992. The center is currently working to address
domestic and global challenges posed by emerging infectious diseases and
the threat of bioterrorism. He is a member of the Institute of Medicine and
a fellow of the American College of Physicians, the Infectious Diseases
Society of America, and the American Association for the Advancement of
Science. He is an Assistant Surgeon General in the Public Health Service.

SAMUEL L. KATZ, M.D., is Wilburt C. Davison Professor and chair-
man emeritus of pediatrics at Duke University Medical Center. He has
concentrated his research on infectious diseases, focusing primarily on
vaccine research, development, and policy. Dr. Katz has served on a number
of scientific advisory committees and is the recipient of many prestigious
awards and honorary fellowships in international organizations. He
attained his M.D. from Harvard Medical School and completed his resi-
dency training at Boston hospitals. He became a staff member at Children’s
Hospital, working with Nobel laureate John Enders, during which time
they developed the attenuated measles virus vaccine now used throughout
the world. He has chaired the Committee on Infectious Diseases of the
American Academy of Pediatrics (the Redbook Committee), the Advisory
Committee on Immunization Practices (ACIP) of the Centers for Disease
Control and Prevention, the Vaccine Priorities Study of the Institute of
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Medicine (IOM), and several WHO and Children’s Vaccine Initiative panels
on vaccines. He is a member of many scientific advisory committees
including those of the NIH, IOM, and WHO. Dr. Katz’s published studies
include abundant original scientific articles, chapters in textbooks, and
many abstracts, editorials, and reviews. He is the coeditor of a textbook on
pediatric infectious diseases and has given many named lectures in the
United States and abroad. Currently he co-chairs the Indo-U.S. Vaccine
Action Program as well as the National Network for Immunization Infor-
mation (NNii).

COLONEL PATRICK KELLEY, M.D., M.P.H., Dr.P.H., is Director
of the Department of Defense Global Emerging Infections System and the
Director of the Division of Preventive Medicine at the Walter Reed Army
Institute of Research (WRAIR), Silver Spring, Maryland. He obtained his
M.D. from the University of Virginia and a Dr.P.H. in infectious disease
epidemiology from the Johns Hopkins Bloomberg School of Public Health.
He is board-certified in general preventive medicine and a fellow of the
American College of Preventive Medicine. For many years he directed the
Army General Preventive Medicine Residency at WRAIR. Colonel Kelley
has extensive experience leading military infectious disease studies and in
managing domestic and international public health surveillance efforts. He
has spoken before professional audiences in over 15 countries and has
authored or co-authored over 50 scientific papers and book chapters on a
variety of infectious disease and preventive medicine topics. He serves as
the specialty editor for a textbook entitled, Military Preventive Medicine:
Mobilization and Deployment.

MARCELLE LAYTON, M.D., is the Assistant Commissioner for the
Bureau of Communicable Diseases at the New York City Department of
Health. This bureau is responsible for the surveillance and control of 62
infectious diseases and conditions reportable under the New York City
Health Code. Current areas of concern include antibiotic resistance; food-
borne, waterborne, and tickborne diseases; hepatitis C; and biological
disaster planning for the potential threats of bioterrorism and pandemic
influenza. Dr. Layton received her medical degree from Duke University.
She completed an internal medicine residency at the University Health
Science Center in Syracuse, New York, and an infectious disease fellowship
at Yale University. In addition, Dr. Layton spent two years with the Centers
for Disease Control and Prevention as a fellow in the Epidemic Intelligence
Service, where she was assigned to the New York City Department of
Health. In the past, she has volunteered or worked with the Indian Health
Service, the Alaskan Native Health Service, and clinics in northwestern
Thailand and central Nepal.

JOSHUA LEDERBERG, Ph.D., is Professor emeritus of Molecular
Genetics and Informatics and Sackler Foundation Scholar at The Rockefeller
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University, New York, New York. His lifelong research, for which he
received the Nobel Prize in 1958, has been in genetic structure and function
in microorganisms. He has a keen interest in international health and was
co-chair of a previous Institute of Medicine Committee on Emerging
Microbial Threats to Health (1990–1992) and currently is co-chair of the
Committee on Emerging Microbial Threats to Health in the 21st Century.
He has been a member of the National Academy of Sciences since 1957 and
is a charter member of the Institute of Medicine.

CARLOS LOPEZ, Ph.D., is Research Fellow, Research Acquisitions,
Eli Lilly Research Laboratories. He received his Ph.D. from the University
of Minnesota in 1970. Dr. Lopez was awarded the NTRDA postdoctoral
fellowship. After his fellowship he was appointed assistant professor of
pathology at the University of Minnesota, where he did his research on
cytomegalovirus infections in renal transplant recipients and the conse-
quences of those infections. He was next appointed assistant member and
head of the Laboratory of Herpesvirus Infections at the Sloan Kettering
Institute for Cancer Research, where his research focused on herpes virus
infections and the resistance mechanisms involved. Dr. Lopez’s laboratory
contributed to the immunological analysis of the earliest AIDS patients at
the beginning of the AIDS epidemic in New York. He is co-author of one of
the seminal publications on this disease, as well as many scientific papers,
and co-editor of six books. Dr. Lopez has been a consultant to numerous
agencies and organizations including the National Institutes of Health, the
Department of Veterans Affairs, and the American Cancer Society.

LYNN MARKS, M.D., is board-certified in internal medicine and
infectious diseases. He was on faculty at the University of South Alabama
College of Medicine in the Infectious Diseases department focusing on
patient care, teaching, and research. His academic research interest was on
the molecular genetics of bacterial pathogenicity. He subsequently joined
SmithKline Beecham’s (now GlaxoSmithKline) anti-infectives clinical group
and later progressed to global head of the Consumer Healthcare division
Medical and Regulatory group. He then returned to pharmaceutical research
and development as global head of the Infectious Diseases Therapeutic
Area Strategy Team for GlaxoSmithKline.

STEPHEN S. MORSE, Ph.D., is Director of the Center for Public
Health Preparedness at the Mailman School of Public Health of Columbia
University, and a faculty member in the Epidemiology Department. Dr.
Morse recently returned to Columbia from four years in government service
as Program Manager at the Defense Advanced Research Projects Agency
(DARPA), where he co-directed the Pathogen Countermeasures program
and subsequently directed the Advanced Diagnostics program. Before
coming to Columbia, he was Assistant Professor (Virology) at The
Rockefeller University in New York, where he remains an adjunct faculty
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member. Dr. Morse is the editor of two books, Emerging Viruses (Oxford
University Press, 1993; paperback, 1996) (selected by American Scientist
for its list of “100 Top Science Books of the 20th Century”), and The
Evolutionary Biology of Viruses (Raven Press, 1994). He currently serves
as a Section Editor of the CDC journal Emerging Infectious Diseases and
was formerly an Editor-in-Chief of the Pasteur Institute’s journal Research
in Virology. Dr. Morse was Chair and principal organizer of the 1989
NIAID/NIH Conference on Emerging Viruses (for which he originated the
term and concept of emerging viruses/infections); served as a member of the
Institute of Medicine-National Academy of Sciences’ Committee on
Emerging Microbial Threats to Health (and chaired its Task Force on
Viruses), and was a contributor to its report, Emerging Infections (1992);
was a member of the IOM’s Committee on Xenograft Transplantation;
currently serves on the Steering Committee of the Institute of Medicine’s
Forum on Emerging Infections, and has served as an adviser to WHO,
PAHO (Pan-American Health Organization), FDA, the Defense Threat
Reduction Agency (DTRA), and other agencies. He is a Fellow of the New
York Academy of Sciences and a past Chair of its Microbiology Section. He
was the founding Chair of ProMED (the nonprofit international Program
to Monitor Emerging Diseases) and was one of the originators of ProMED-
mail, an international network inaugurated by ProMED in 1994 for out-
break reporting and disease monitoring using the Internet. Dr. Morse
received his Ph.D. from the University of Wisconsin-Madison.

MICHAEL T. OSTERHOLM, Ph.D., M.P.H., is Director of the Center
for Infectious Disease Research and Policy at the University of Minnesota
where he is also Professor at the School of Public Health. Previously, Dr.
Osterholm was the state epidemiologist and Chief of the Acute Disease
Epidemiology Section for the Minnesota Department of Health. He has
received numerous research awards from the National Institute of Allergy
and Infectious Diseases and the Centers for Disease Control and Prevention
(CDC). He served as principal investigator for the CDC-sponsored Emerging
Infections Program in Minnesota. He has published more than 240 articles
and abstracts on various emerging infectious disease problems and is the
author of the best selling book, Living Terrors: What America Needs to
Know to Survive the Coming Bioterrorist Catastrophe. He is past president
of the Council of State and Territorial Epidemiologists. He currently serves
on the National Academy of Sciences, Institute of Medicine (IOM) Forum
on Emerging Infections. He has also served on the IOM Committee, Food
Safety, Production to Consumption and the IOM Committee on the
Department of Defense Persian Gulf Syndrome Comprehensive Clinical
Evaluation Program, and as a reviewer for the IOM report on chemical and
biological terrorism.

GARY A. ROSELLE, M.D., received his M.D. from Ohio State
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University School of Medicine in 1973. He served his residency at
Northwestern University School of Medicine and his Infectious Diseases
fellowship at the University of Cincinnati School of Medicine. Dr. Roselle is
the Program Director for Infectious Diseases for the VA Central Office in
Washington, D.C., as well as the Chief of the Medical Service at the
Cincinnati VA Medical Center. He is a professor of medicine in the Depart-
ment of Internal Medicine, Division of Infectious Diseases at the University
of Cincinnati College of Medicine. Dr. Roselle serves on several national
advisory committees. In addition, he is currently heading the Emerging
Pathogens Initiative for the Department of Veterans Affairs. Dr. Roselle has
received commendations from the Cincinnati Medical Center Director, the
Under Secretary for Health for the Department of Veterans Affairs, and the
Secretary of Veterans Affairs for his work in the infectious diseases program
for the Department of Veterans Affairs. He has been an invited speaker at
several national and international meetings, and has published over 80
papers and several book chapters.

DAVID M. SHLAES, M.D., Ph.D., is Executive Vice President for
Research and Development  at Idenix Pharmaceuticals. Previously, he spent
six years as Vice President and Therapeutic Area Co-Leader for Infectious
Diseases at Wyeth Research. Before joining Wyeth, Dr. Shlaes was professor
of medicine at the Case Western Reserve University School of Medicine and
chief of the Infectious Diseases Section and the Clinical Microbiology Unit
at the Veterans Affairs Medical Center in Cleveland, Ohio. His major
research interest has been the mechanisms and epidemiology of anti-
microbial resistance in bacteria, in which area he has published widely. He
has recently become more involved in the area of public policy as it relates
to the discovery and development of antibiotics. He has served on the
Institute of Medicine’s Forum on Emerging Infections since 1996.

JANET SHOEMAKER is director of the American Society for Micro-
biology’s Public Affairs Office, a position she has held since 1989. She is
responsible for managing the legislative and regulatory affairs of this
42,000-member organization, the largest single biological science society in
the world. She has served as principal investigator for a project funded by
the National Science Foundation (NSF) to collect and disseminate data on
the job market for recent doctorates in microbiology and has played a key
role in American Society for Microbiology (ASM) projects, including the
production of the ASM Employment Outlook in the Microbiological
Sciences and The Impact of Managed Care and Health System Change on
Clinical Microbiology. Previously, she held positions as Assistant Director
of Public Affairs for ASM, as ASM coordinator of the U.S./U.S.S.R.
Exchange Program in Microbiology, a program sponsored and coordinated
by the National Science Foundation and the U.S. Department of State, and
as a freelance editor and writer. She received her baccalaureate, cum laude,
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from the University of Massachusetts, and is a graduate of the George
Washington University programs in public policy and in editing and publi-
cations. She has served as commissioner to the Commission on Professionals
in Science and Technology, and as the ASM representative to the ad hoc
Group for Medical Research Funding, and is a member of Women in
Government Relations, the American Society of Association Executives,
and the American Association for the Advancement of Science. She has co-
authored published articles on research funding, biotechnology, biological
weapons control, and public policy issues related to microbiology.

P. FREDERICK SPARLING, M.D., is J. Herbert Bate Professor
emeritus of Medicine, Microbiology and Immunology at the University of
North Carolina (UNC) at Chapel Hill, and is Director of the North Carolina
Sexually Transmitted Infections Research Center. Previously, he served as
chair of the Department of Medicine and chair of the Department of
Microbiology and Immunology at UNC. He was president of the Infectious
Disease Society of America in 1996–1997. He was also a member of the
Institute of Medicine’s Committee on Microbial Threats to Health (1991–
1992). Dr. Sparling’s laboratory research is in the molecular biology of
bacterial outer membrane proteins involved in pathogenesis, with a major
emphasis on gonococci and meningococci. His current studies focus on the
biochemistry and genetics of iron-scavenging mechanisms used by gonococci
and meningococci and the structure and function of the gonococcal porin
proteins. He is pursuing the goal of a vaccine for gonorrhea.

MICHAEL ZEILINGER, D.P.M., M.P.H., is Infectious Disease Team
Leader at the Office of Health and Nutrition, Environmental Health
Division at the U.S. Agency for International Development. Dr. Zeilinger
serves as the senior advisor and manager of the infectious disease strategic
objective team which encompasses four sub-teams: malaria, tuberculosis,
antimicrobial resistance, and surveillance. He is also the Cognizant
Technical Officer for USAID’s umbrella Inter-Agency Agreement with the
Centers for Disease Control and Prevention. Prior to his work at USAID/W,
Dr. Zeilinger was the Program Director for Project HOPE in the Central
Asian republics, which included public and private sector-funded TB control
projects in Kazakhstan, Uzbekistan, Kyrgyzstan, and Turkmenistan. His
work in Central Asia also included humanitarian assistance and child
survival programs. Prior to that, he worked with Birch and Davis on the
Department of Defense’s Military Health Service System, and the Public
Health Foundation on a U.S. Department of Health and Human Services-
funded Empowerment Zones/Enterprise Communities Health Benchmarks
Demonstration Project. Dr. Zeilinger is a Doctor of Podiatric Medicine and
managed several community health programs during his surgical residency.
He also has a master’s degree in public health (International Health
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Promotion) from The George Washington University and is currently an
Adjunct Professor at their School of Public Health.

SPEAKERS

DAVID M. BELL, M.D., is Assistant to the Director for Antimicrobial
Resistance, National Center for Infectious Diseases, Centers for Disease
Control and Prevention (CDC), Atlanta. In this capacity, he coordinates
CDC’s efforts to address antimicrobial resistance. He is also co-chair of the
U.S. Federal Interagency Task Force on Antimicrobial Resistance and
clinical assistant professor of pediatric infectious diseases at Emory
University School of Medicine, Atlanta. From 1987 to 1997, Dr. Bell
directed CDC’s efforts to assess and reduce the risk of HIV transmission  to
workers and patients in healthcare settings. Previously, he was Director of
the Diagnostic Virology Laboratory at the University of Tennessee,
Memphis, and practiced general pediatrics. He is co-author of 90 scientific
publications and book chapters dealing with the public health, clinical, and
laboratory aspects of infectious diseases. In 2000, he chaired the WHO
Consultation to develop Global Principles for the Containment of Anti-
microbial Resistance due to Antimicrobial Use in Animals Intended
for Food. Dr. Bell graduated from Princeton University (A.B., 1973) and
Harvard Medical School (M.D., 1977). His training included residency at
Boston Children’s Hospital, the Epidemic Intelligence Service Program at
CDC, and fellowship in pediatric infectious diseases at the University of
Rochester.

WILLIAM G. BROGDON, Ph.D., has been Chief of the Vector Biology
and Toxicology Section, Entomology Branch, Division of Parasitic Diseases,
National Center for Infectious Diseases, Centers for Disease Control and
Prevention, since 1996. With over 24 years as a research entomologist with
the CDC, Dr. Brogdon has developed an applied research program on
insecticide resistance in arthropod vectors of disease. Studies have been
conducted both in the United States and in 20 countries on insecticide
resistance in Aedes, Culex, and Anopheles mosquito vectors. Dr. Brogdon
has developed novel biological, biochemical, and molecular approaches to
detecting insecticide resistance and its mechanisms in individual insects.
With support from the Emerging Infectious Diseases program, he has
operated a Resistance Surveillance Laboratory since 1995 and a WHO
Collaborating Center on Insecticide Resistance. Dr. Brogdon has served as
a member of the WHO Expert Committee on Vector Control.

THOMAS B. ELLIOTT, Ph.D., is a research microbiologist at The
Armed Forces Radiobiology Research Institute, Bethesda, Maryland, where
he has studied susceptibility to infectious agents and therapy for bacterial
infections in irradiated animal models and the inactivation of bacteria and
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viruses by ionizing radiation. His work contributed to the recommended
therapy for sepsis in victims of radiation accidents, development of
combined therapy with non-specific biological response modifiers together
with antimicrobial agents, and the discovery that pulmonary infections of
Bacillus anthracis induce a unique polymicrobial sepsis following sub-lethal
doses of gamma radiation. Dr. Elliott directs research projects for students
in the Master of Public Health and the Laboratory Animal Medicine
Residency programs in the Department of Preventive Medicine and Bio-
metrics, Uniformed Services University of the Health Sciences. Previously,
Dr. Elliott was a clinical chemist, performed industrial microbiological
studies, and taught microbiology and immunology at The George
Washington University and the Foundation for Advancement of Education
in the Sciences, National Institutes of Health. He is currently serving on two
advisory committees, which are coordinated by the Office of Science and
Technology Policy, Executive Office of the President, on inactivation of
microorganisms and the Interagency Working Committee on Test Methods
and Surrogates for Anthrax, Environmental Protection Agency. He has
participated on advisory committees, the Human Response Dose Com-
mittee, Defense Threat Reduction Agency; and U.S. Army Specific Military
Requirements, U.S. Army Nuclear and Chemical Agency. Dr. Elliott is a
member of the American Society for Microbiology and the Society of the
Sigma Xi.

VINCENT A. FISCHETTI, Ph.D., has been a professor and chairman
of the Laboratory of Bacterial Pathogenesis and Immunology at the
Rockefeller University, New York, New York, since 1990. He is a fellow of
the American Academy of Microbiology and the recipient of two NIH
MERIT awards. He has been editor-in-chief of the scientific journal
Infection and Immunity for 10 years, and serves as advisory editor for the
Journal of Experimental Medicine and Trends in Microbiology. Dr. Fischetti
serves on the scientific advisory board and as trustee of the Trudeau
Institute. He has published approximately 130 primary research articles
and 77 textbook chapters as well as being an inventor on over 37 issued
patents. Dr. Fischetti received a Ph.D. in microbiology from New York
University. His  research career has been directed toward  the understanding
of infection by gram-positive bacteria. He has focused his attention on
group A streptococcus and has developed new strategies to control infection
by these bacteria. He currently has a vaccine in clinical trial to control strep
infections and a novel target for antibiotic development being tested by a
major pharmaceutical company. In recent years he has directed his attention
to the use of bacteriophage lytic enzymes to control colonizing pathogenic
bacteria, particularly those that are resistant to current antibiotics.

JULIE L. GERBERDING, M.D., M.P.H., is Director of the Centers for
Disease Control and Prevention (CDC), an associate clinical professor of
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medicine (infectious diseases) at Emory University, and an associate pro-
fessor of medicine (infectious diseases) and epidemiology and biostatistics
at the University of California, San Francisco (UCSF). She earned her B.A.
degree magna cum laude in chemistry and biology and M.D. degree at Case
Western Reserve University and then completed her internship and residency
in internal medicine at UCSF, where she also served as chief medical resident
before completing her fellowship in clinical pharmacology and infectious
diseases at UCSF. She earned her M.P.H. at the University of California,
Berkeley in 1990. Dr. Gerberding is a member of Phi Beta Kappa, Alpha
Omega Alpha, the American Society for Clinical Investigation (ASCI), and
the American College of Physicians, and is a fellow in the Infectious Diseases
Society of America (IDSA). She has served as chair and co-chair of the
IDSA’s Committee on Professional Development and Diversity and co-
chair of the Annual Program Committee, and was elected to serve as a
member of the nominations committee. Dr. Gerberding is also a member of
the Society for Healthcare Epidemiology of America and has served as a
member of the AIDS/Tuberculosis Committee and as Academic Counselor
on the SHEA Board, and will be president of SHEA in 2003. In the past, she
served as a member of NCID/CDC Board of Scientific Counselors, the CDC
HIV Advisory Committee, and the Scientific Program Committee, National
Conference on Human Retroviruses. She has also been a consultant to
NIH, AMA, CDC, OSHA, the National AIDS Commission, Office of
Technology Assessment, and WHO. Her editorial activities have included
appointments to the Editorial Board, Annals of Internal Medicine; Associate
Editor, American Journal of Medicine, and service as a peer reviewer for
numerous journals. She has authored/co-authored more than 120
publications. Her scientific interests encompass infection prevention/health
care quality promotion among patients and their health care providers and
emerging infectious diseases threats.

MARK J. GOLDBERGER, M.D., M.P.H., received his medical degree
from the Columbia University College of Physicians and Surgeons. He did
his postgraduate training at the Presbyterian Hospital in New York City
and with the Centers for Disease Control and Prevention and is board-
certified in internal medicine and infectious diseases and a fellow of the
Infectious Diseases Society of America. Dr. Goldberger was on the faculty
of Columbia University for nine years and has been with the Food and Drug
Administration since 1989. He is currently the director of the Office of
Drug Evaluation IV within the Center for Drugs at FDA. This office is
responsible for the regulation of all anti-infective drugs as well as drugs for
solid organ transplantation. He also serves as the lead in coordinating drug
shortage activities within the Center.

TERRY GREEN is a Senior Program Associate with Management
Sciences for Health where he is the team leader for the RPM Plus Infectious
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Disease/Antimicrobial Resistance activity. He is responsible for the imple-
mentation of global and national antimicrobial resistance containment
strategies, including infection control activities. This work also includes the
development and implementation of training materials for international
drug and therapeutics committee training courses. He has facilitated courses
in Thailand, The Philippines, Indonesia, Kenya, and Nepal. Green is a
pharmacist with 22 years of experience with the U.S. Public Health Service
and 4 years experience in international health. Experience includes serving
on drug and therapeutics committees, development and implementation of
pharmacy quality assurance programs, providing drug information services,
and development of pharmacy-based primary care programs. International
experience prior to working with Management Sciences for Health includes
pharmacy assessments in Montenegro, Nicaragua, Micronesia, the Virgin
Islands, and three years of pharmacy development work in the Republic of
Palau.

JANET HEMINGWAY, Ph.D., is the current Director of the Liverpool
School of Tropical Medicine. She received her B.Sc. in Genetics from
Sheffield University and her Ph.D. in Tropical Medicine from the London
School of Hygiene and Tropical Medicine. She then proceeded to a
lecturership in Toxicology at the University of California, Riverside,
followed by a Royal Society Research Fellowship at the London School of
Hygiene and Tropical Medicine. Prior to her current post, she was Professor
of Insect Molecular Biology and Director of Biosciences research at Cardiff
University. Her major research interests are the development and spread of
insecticide resistance in insect vectors of disease. Dr. Hemingway currently
has a research group of 33 scientists at post-doctoral and post-graduate
levels looking at numerous aspects of resistance from the molecular biology
of resistance gene amplification and control of resistance gene expression,
through positional cloning for resistance gene identification, to field-based
resistance management programs in Africa and Latin America. The group is
also looking at the interaction of insecticide resistance and vectorial capacity
in filarial and malarial systems using genomic approaches.

WILLIAM JACK, D.Phil., is an Assistant Professor in the Economics
Department at Georgetown University. He has held positions at the
Australian National University and the University of Sydney, and has
worked as a staff member of the International Monetary Fund and the Joint
Committee on Taxation of the U.S. Congress. He has undertaken studies on
health reform in Latin America and Eastern Europe for the World Bank. In
addition to publications in academic journals on health care, health insur-
ance, and public economics, he has written Principles of Health Economics
for Developing Countries, a text published through the World Bank for
health policy makers, students, and researchers.

CHARLES H. KING, M.D., M.S., is an associate professor of Medicine,
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International Health, and Epidemiology and Biostatistics at Case Western
Reserve University in Cleveland, Ohio. He is a specialist in the areas of
Infectious Diseases and Travel Medicine at University Hospitals of
Cleveland, and is a full-time faculty member at CWRU School of Medicine.
He received his B.S. from the Massachusetts Institute of Technology, his
M.D. from the State University of New York Downstate Medical Center,
and his M.S. in Statistics from the University of Michigan School of Public
Health. His current research focuses on the modeling of transmission of
infectious diseases and the prevention of disease due to helminthic
infections. He is director of two NIH-funded research projects based in
Coast Province, Kenya, which focus, respectively, on the ecology of
Schistosoma haematobium transmission and on drug-based control of
human urinary schistosomiasis.

RAMANAN LAXMINARAYAN, Ph.D., M.P.H., is a fellow in the
Energy and Natural Resources Division at Resources for the Future (RFF).
Laxminarayan received his undergraduate degree in engineering from the
Birla Institute of Technology and Science in Pilani, India, and both his
master’s degree in public health and doctorate in economics from the
University of Washington in Seattle. His research deals with the integration
of epidemiological models of infectious disease transmission and acquisition
of bacterial and parasite resistance into the economic analysis of public
health problems. His research on “resistance economics” is focused on
improving the analytical framework to study problems such as bacterial
resistance to antibiotics  and pest resistance to genetically modified crops.
He has worked with WHO on evaluating malaria treatment policy in Africa,
has organized two conferences on the Economics of Resistance, and is
editor of a forthcoming book, Battling Resistance to Antibiotics and
Pesticides: An Economic Approach.

STUART B. LEVY, M.D., is Professor of Medicine and of Molecular
Biology and Microbiology and the Director of the Center for Adaptation
Genetics and Drug Resistance at Tufts University School of Medicine, and
Staff Physician at the New England Medical Center. He also serves as
President of the Alliance for the Prudent Use of Antibiotics, an international
organization with members in over 100 countries. He is a past president of
the 42,000 member American Society for Microbiology. He is co-founder
and Chief Scientific Officer of Paratek Pharmaceuticals, Inc. Dr. Levy has
published over 250 papers on antibiotic use and resistance, and has edited
four books and two special journal editions devoted to the subject. The new
edition of his book, The Antibiotic Paradox: How Misuse of Antibiotics
Destroys Their Curative Powers, was released in January 2002 by Perseus
Books. Dr. Levy is a Fellow of the American College of Physicians, Infectious
Disease Society of America, and the American Academy of Microbiology.
He has organized and chaired four international meetings on drug resistance
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and was Chairperson of the NIH Fogarty Center three-year international
study of antibiotic use and resistance worldwide. He was awarded the 1995
Hoechst-Roussel Award for esteemed research in antimicrobial chemo-
therapy by the American Society for Microbiology. He was awarded an
honorary degree in biology from Wesleyan University in 1998 and one
from Des Moines University in 2001. Dr. Levy has been featured and
quoted for his work on antibiotic use and resistance in major national and
international newspapers and magazines including Time, Newsweek, U.S.
News and World Report, The New Yorker, The New York Times, The
Washington Post, and USA Today. He has appeared on Good Morning
America, Nova, The Today Show, Fox TV Front Page, ABC Prime Time,
CBS 48 Hours, the Jim Lehrer News Hour, CNN, and all major U.S.
television network news shows.

MURRAY M. LUMPKIN, M.D., M.Sc., is presently the Acting Deputy
Commissioner of the Food and Drug Administration. He is also the FDA’s
Senior Associate Commissioner for International Activities and Strategic
Initiatives and the Senior Medical Officer in the Office of the Commissioner.
In addition to overseeing all FDA international initiatives, he is responsible
for leading the FDA response to several national public health issues that
cut across several of the programmatic centers at FDA, including the
agency’s response to the threat of bovine spongiform encephalopathy (BSE)
and antimicrobial resistance. Dr. Lumpkin received his B.A. in German
from Davidson College and his medical degree from Wake Forest University.
He completed a residency in pediatrics at the Mayo Clinic followed by a
fellowship in pediatric infectious diseases. He attended the London School
of Hygiene and Tropical Medicine as a Fulbright Fellow and received an
M.Sc. in Medical Parasitology from the University of London. His
professional certifications include pediatrics and tropical medicine. In 1989
he joined the FDA as Director of the Division of Anti-Infective Drug
Products, Center for Drug Evaluation and Research (CDER), which is
charged with the primary oversight and approval responsibilities for drugs
classified as antimicrobials as well as dermatological and ophthalmological
drug products. He then served as Deputy Center Director for CDER. He
has represented the FDA in numerous bilateral initiatives with various
governments, including those of Canada, Great Britain, Singapore,
Germany, France, Taiwan, and Australia, along with the European Com-
mission. His prior professional experience includes working as a clinical
worker in a refugee camp in Bangladesh; head of pediatric infectious diseases
at East Tennessee Children’s Hospital in Knoxville; and Medical Director
at Abbott Laboratories where he was in a senior leadership position on the
multidisciplinary, global team responsible for the worldwide development
of a new antimicrobial (clarithromycin).
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SHAHRIAR MOBASHERY, Ph.D., is a Professor in the Departments
of Chemistry, Pharmacology and Biochemistry and Molecular Biology at
Wayne State University. He received his undergraduate and graduate degrees
from the University of Southern California and the University of Chicago,
respectively. After a two-year postdoctoral research program at the
Rockefeller University, he joined the faculty at Wayne State University. He
leads a multidisciplinary research group that integrates research in organic
chemistry, biochemistry, molecular biology, structural biology, and com-
putational sciences. The research interests of the group are diverse, spanning
investigations of the mechanisms of drug resistance to antibiotics,
development of novel classes of antibiotics, studies of the structural aspects
of the bacterial envelope, and cancer metastasis. He has served on numerous
advisory committees for the government and the private sector. He is
currently on the editorial boards of a number of scientific journals, serves
on the Scientific Advisory Board of Newbiotics, Inc., and is a member of the
NIH Bioorganic and Natural Products study section. Dr. Mobashery
assumes the position of the Navari Professor of Chemistry and Biochemistry
at the University of Notre Dame in 2003.

LINDSAY E. NICOLLE, M.D., F.R.C.P.C., is Professor of Internal
Medicine and Medical Microbiology at the University of Manitoba and
Consultant in Infectious Diseases at the Health Sciences Centre and St.
Boniface Hospital in Winnipeg, Manitoba, Canada. She is also currently
Acting Director, Infection Control at St. Boniface Hospital. She has recently
completed a sabbatical at WHO where she participated in development of
the Global Strategy for Antimicrobial Resistance. Dr. Nicolle is currently
Chairperson of the Infection Control Guidelines Committee of the
Laboratory Centre for Disease Control in Canada. She was Chairperson of
the Long Term Care Committee of the Society for Health Care
Epidemiology of America from 1994 to 2002, and was previously secretary
of this organization. She has also served as President of the Canadian
Infectious Diseases Society, member of the Board of the Community and
Hospital Infection Control Association, and of the Canadian Society for
Clinical Investigation, and is previous co-chair and founder of the Canadian
Nosocomial Infection Surveillance Program. Other activities include mem-
bership on the Health Canada Expert Committee on Blood Regulation,
Pandemic Influenza Planning Committee, and Minister’s Advisory
Committee for Chemical, Biological, and Radioactive Safety. Dr. Nicolle’s
research interests have been in hospital-acquired infections, infections in
the elderly, and urinary tract infections. She is the Editor-in-Chief of the
Canadian Journal of Infectious Diseases, and a member of the Editorial
Board of Infection Control and Hospital Epidemiology. She has authored/
co-authored over 300 publications and book chapters, and contributed to
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the development of many position papers and consensus documents on
infection control and infectious diseases.

IRUKA OKEKE, Ph.D., is Assistant Professor of Microbiology at the
Department of Biology, Haverford College, Pennsylvania. She undertook
undergraduate and graduate training in pharmacy and microbiology at
Obafemi Awolowo University, Ile-Ife, Nigeria, where she studied the anti-
biotic resistance and virulence of fecal Escherichia coli. Since then, she has
continued to research the antibiotic resistance and pathogenesis of E. coli,
first as post-doctoral fellow at Uppsala Universitet, Sweden, and the
University of Maryland, and more recently as Career Development Lecturer
in microbiology at the University of Bradford, U.K. Her current research
focuses on the molecular epidemiology, pathogenesis, and antibiotic
resistance of enterovirulent E. coli.

STEPHEN R. PALUMBI, Ph.D., received his Ph.D. from the University
of Washington in 1984. His research group engages in the study of rapid
evolutionary change, including the genetics, evolution, conservation,
population biology, and systematics of a diverse array of marine organisms.
Professor Palumbi has published on the genetics and evolution of a wide
variety of organisms including sea urchins, whales, cone snails, corals,
sharks, spiders, shrimps, bryozoans, and butterflyfishes. Palumbi’s latest
book, The Evolution Explosion: How Humans Cause Rapid Evolutionary
Change (W.W. Norton), shows how rapid evolution is central to emerging
problems in modern society, and has been cited for its easy readability by
non-scientists. A primary research focus of his is the use of molecular
genetic techniques in conservation, including for the identification of whale
and dolphin products available in commercial markets. Current conser-
vation work centers on the genetics of marine reserves designed for con-
servation and fisheries enhancement, with projects in The Philipppines, the
Bahamas, and off the west coast of the United States. In addition, basic
work on the molecular evolution of reproductive isolation and its influence
on patterns of speciation uses marine model systems such as sea urchins.
This work is expanding our view of the evolution of gamete morphology
and the genes involved. In fall 2002, Steve appeared on the TV series, “The
Future Is Wild,” a computer-animated exploration of the possible courses
of evolution in the next few hundred million years.

STEVEN L. PECK, Ph.D., earned his master’s degree at the University
of North Carolina at Chapel Hill in Biostatistics. He completed his Ph.D.
work in Biomathematics, on the spread of resistance in spatially structured
systems, at the North Carolina State University. This work was used by the
EPA to set refuge sizes for delaying resistance development in transgenic
crops. Currently he is assistant professor in the Zoology Department of
Brigham Young University where he continues to work on modeling the
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spatial aspects in the spread of resistance and on rates of evolution in
spatially subdivided populations.

DONALD R. ROBERTS, Ph.D., is a Professor of Tropical Public
Health in the Division of Tropical Public Health at the Uniformed Services
University of the Health Sciences (USUHS) in Bethesda, Maryland. He is
also the Director of the Center for Applications of Remote Sensing and
geographical information systems in Public Health. The center has a multi-
disciplinary staff of researchers who are involved in field research in Peru,
Belize, and Thailand. Dr. Roberts has 94 peer-reviewed publications, with
several others in press, under review, or in preparation. His special area of
interest is malaria control, especially the control of malaria by spraying
insecticide residues on house walls. He has published several original papers
on behavioral responses of malaria vectors to insecticide residues and the
re-emergence of malaria when house spray programs are abandoned.
Additionally, he is interested in applications of GIS and remote sensing
technologies for research and control of arthropod-borne diseases. Although
he has conducted research in Asia, his primary area of interest is malaria
control in Central and South America.

ANTHONY SAVELLI is a Principal Program Associate with the
Management Sciences for Health (MSH) Center for Pharmaceutical
Management (CPM). He is currently Director of the USAID-funded
Rational Pharmaceutical Management Plus (RPM Plus) Program. This five-
year program includes global, regional, and country-level initiatives working
in the areas of general pharmaceutical system strengthening, as well as child
survival, maternal health, HIV/AIDS, malaria, TB, and antimicrobial
resistance. Since October 2000, RPM Plus has worked in Haiti, the
Dominican Republic, Honduras, Peru, Nepal, Bangladesh, Vietnam,
Zambia, Kenya, Senegal, Uganda, South Africa, Albania, Moldova,
Romania, Tajikistan, Uzbekistan, and Turkmenistan. Prior to his work
with RPM Plus, Savelli was director of the predecessor Rational
Pharmaceutical Management Project, and the Rational Pharmaceutical
Management/Russia Project. He has held long-term pharmacy advisor
positions in The Commonwealth of Dominica, Swaziland, and Russia.
Savelli is a pharmacist and has a master’s degree in Public and International
Affairs.

JEROME J. SCHENTAG, Pharm.D., earned his bachelor’s degree in
Pharmacy from the University of Nebraska in Omaha, and his Doctor of
Pharmacy degree from the Philadelphia College of Pharmacy in
Philadelphia, Pennsylvania. He completed a postdoctoral fellowship in
Clinical Pharmacokinetics at the State University of New York (SUNY) in
Buffalo, then joined the department faculty. Presently, Dr. Schentag is
Professor of Pharmaceutics and Pharmacy, University at Buffalo School of
Pharmacy. Dr. Schentag also holds the title of Fellow, Center for
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Entrepreneurial Leadership, SUNY at Buffalo School of Management. He is
a member of numerous professional societies and holds several professional
distinctions, including the status of Fellow in the American College of
Clinical Pharmacy. Dr. Schentag has authored or co-authored more than
260 publications and serves or has served on the editorial boards of the
journals Pharmacotherapy, Annals of Pharmacotherapy, Antimicrobial
Agents and Chemotherapy, Pharmaceutical Research, and Clinical
Pharmacology and Therapeutics. His research interests include the effects
of diseases on the pharmacokinetics and pharmacodynamics of antibiotics,
oncolytics, and cardiovascular medications, and the relationships between
pharmacokinetics and toxicity of medications used in critically ill patients.

THOMAS R. SHRYOCK, Ph.D., is a Senior Technical Microbiology
Advisor for Elanco Animal Health, a division of Eli Lilly & Co., where his
responsibilities include interacting with regulatory authorities, animal pro-
duction companies, and industry trade organizations on issues surrounding
the use of antibiotics in food animals as they pertain to antibiotic resistance.
Dr. Shryock was initially involved with the in vitro and in vivo efficacy
evaluation of new antibacterial products in Elanco Discovery. In addition,
Dr. Shryock is the Chairholder of the NCCLS Veterinary Antimicrobial
Susceptibility Testing subcommittee and a Member of the NCCLS Area
Committee on Microbiology. He is also currently Division Advisor of
Division Z, Animal Health Microbiology, which he co-founded and
previously served as Acting Chair and Chair. Dr. Shryock was previously
employed as an Assistant Professor of Life Sciences at the Indiana State
University, participating in the Medical Technology Program. Prior to that
position, he was a Research Microbiologist with Pfizer Animal Health for
four years. Dr. Shryock received his B.S. in Biology from the University of
Toledo and his doctorate in Medical Microbiology and Immunology from
Ohio State University. He subsequently completed two post-doctoral
fellowships conducting research in the area of cystic fibrosis pulmonary
infection and immune response. Dr. Shryock has authored and/or co-
authored over 40 research papers on infectious disease topics. He has been
an editor for Antimicrobial Agents and Chemotherapy for nine years and
has given presentations in numerous meetings around the world on the
topic of antibiotic use in food animals.

RICHARD D. SMITH, M.Sc., graduated in economics and completed
postgraduate studies in Health Economics at the University of York in
1991. He has since held positions in Sydney, Cambridge, Bristol, and
Melbourne, joining the University of East Anglia as Senior Lecturer in
Health Economics in June 1999. He is also an Honorary Associate Professor
at the University of Hong Kong. Smith’s research interests and experience
range extensively across many facets of health economics and he has over
70 published works, including over 20 journal papers and chapters
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concerning the economics of antimicrobial resistance. His research has
focused mainly on: (i) the valuation of benefits resulting from health care
interventions, in particular the theory and method of willingness-to-pay,
and the interface of cost-benefit analysis with cost-utility analysis; (ii) the
economics of antimicrobial resistance; and (iii) primary care reform. More
recently, he has become involved in the application of public goods theory
in health, with a forthcoming book on this topic (Global Public Goods for
Health: A Health Economic and Public Health Perspective) published by
Oxford University Press. In recent years Smith has worked extensively with
WHO, both in the development of the WHO Global Strategy for the
Containment of Resistance and, more recently, in aspects of globalization
and health. Smith has also taught widely to economic and medical under-
graduates and postgraduates as well as a variety of health service
professionals in the U.K., Australia, Hong Kong, and The Philippines. He is
currently Director of Postgraduate Programmes within the School of
Medicine, Health Policy and Practice at the University of East Anglia.

ALEXANDER TOMASZ, Ph.D., has a Ph.D. in Biochemistry from
Columbia University, New York. He is currently Professor and Head of the
Laboratory of Microbiology at The Rockefeller University. Dr. Tomasz’s
contributions include studies on molecular steps in DNA uptake during
genetic transformation of pneumococci; the isolation of the first bacterial
quorum-sensing agent, the polypeptide hormone (also called “activator”)
responsible for the triggering of the physiological state of competence for
genetic transformation; the discovery of antibiotic tolerance in bacteria and
elucidation of the mechanism of penicillin resistance through alteration of
penicillin-binding proteins in pneumococci; the discovery of penicillin-
binding protein 2A, the gene product of mecA, which is the central genetic
determinant of methicillin resistance in staphylococci; the first high-
resolution biochemical analysis of gram-positive bacterial cell walls
(pneumococcus, staphylococcus) including identification of the unique
phosphocholine-containing teichoic acid of pneumococci; and the first
demonstration of inflammatory activity and cytokine-inducing activity of
bacterial cell wall components. Most recent contributions include
mechanism of staphylococcal glycopeptide resistance; identification of
multi-drug-resistant epidemic clones of pneumococci, staphylococci; and
organization of a New York-based (Bacterial Antibiotic Resistance, BAR)
initiative and an international surveillance network (CEM/NET) for the
tracking of antibiotic-resistant bacterial pathogens. Dr. Tomasz has received
the prestigious Hoechst-Roussel Award and the Selman A. Waksman Award
of the American Society for Microbiology, in recognition of contributions
to the field of antibiotic resistance in bacteria, and received an Endowed
Chair in Infectious Diseases in 1998 at The Rockefeller University. He is a
member of several task forces evaluating the impacts of antibiotic-resistant
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bacteria (Congress of the United States, Office of Technology Assessment;
the American Society for Microbiology; Advisory Board of the WHO), and
the author of over 300 publications. He is on the editorial board of several
journals, and is Editor-in-Chief of the journal Microbial Drug Resistance.

MARY E. TORRENCE, D.V.M., Ph.D., is the National Program
Leader for Food Safety at USDA’s Cooperative State Research Education
and Extension Service. As a National Program Leader, Dr. Torrence
provides leadership and direction to universities, particularly land grant
universities, in food safety research. Dr. Torrence is also the program
director for the National Research Initiative’s grant program entitled
Epidemiologic Approaches for Food Safety. Before taking this position, Dr.
Torrence was the branch chief of the Epidemiology Branch in the Office of
Surveillance and Biometrics in the Center for Devices and Radiological
Health, FDA. She has also worked at the Center for Veterinary Medicine,
FDA, and at Purdue University. In her current position, she is responsible
for providing leadership on a national level to land grant universities. She is
a member of numerous federal food safety committees, including the Risk
Assessment Consortium and the National Food Safety System. She received
her D.V.M. from Ohio State University and her Ph.D. in epidemiology and
public health from Virginia Tech. She is a Diplomate in the American
College of Veterinary Preventive Medicine. She was co-organizer of a
Workshop on Epidemiologic Methods and Approaches for Food Safety
and, recently, a co-chair for a research colloquium for the American
Academy of Micro-biology on the “Impact of Antimicrobial Resistance on
Agriculture: A Critical Scientific Assessment.” She is author of the book
(Mosby, Inc.) entitled Understanding Epidemiology. She is co-editor of
Microbial Food Safety in Animal Agriculture: Current Topics, which is due
to be published by Iowa State Press in March, 2003.

ROBERT G. WEBSTER, Ph.D., is Professor of Virology in the
department of Infectious Diseases at St. Jude Children’s Research Hospital.
A native of New Zealand, Dr. Webster received his B.Sc. and M.Sc. in
Microbiology from the Otago University in New Zealand. In 1962, he
earned his Ph.D. from the Australian National University and went on to
spend the next two years as a Fulbright Scholar working on influenza with
Dr. Tommy Francis in the Department of Epidemiology, School of Public
Health, at the University of Michigan, Ann Arbor. Since 1968, Dr. Webster
has been at St. Jude Children’s Research Hospital, Memphis, Tennessee,
and in 1988, he was appointed to the Rose Marie Thomas Chair in
Virology. In 1989, Dr. Webster was admitted to the highly prestigious
Royal Society of London in recognition for his contribution to influenza
virus research. In 1998, he was selected for membership to the National
Academy of Sciences. In addition to his position at St. Jude, Dr. Webster is
Director of the U.S. Collaborating Center of the WHO dealing with the
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ecology of animal influenza viruses. Dr. Webster’s interests include the
structure and function of influenza virus proteins and the development of
new vaccines and antivirals, and the importance of influenza viruses in wild
birds as a major reservoir of influenza viruses and their role in the evolution
of new pandemic strains for humans and lower animals. His curriculum
vitae contains over 400 original articles and reviews on influenza viruses.
He has mentored many individuals who have been successful in contributing
to our knowledge of influenza as an emerging pathogen.

THOMAS E. WELLEMS, M.D., Ph.D., is Chief of the Laboratory for
Malaria and Vector Research at the National Institute of Allergy and
Infectious Diseases, Bethesda, Maryland. The laboratory supports multi-
disciplinary research programs on malaria parasites, their transmission by
mosquitoes, and their pathology in humans. Dr. Wellems began his work in
malaria in 1984 after completing his medical residency at the Hospital of
the University of Pennsylvania. His discoveries have been honored by the
Director’s Award of the National Institutes of Health, the Bailey K. Ashford
Medal of the American Society of Tropical Medicine and Hygiene, the
Smadel Medal of the Infectious Diseases Society of America, and the Lincei
Golgi Medal of the Accademia Nazionale dei Lincei in Rome. Dr. Wellems’
specific interests focus on drug resistance, immune evasion, and the virulence
of Plasmodium falciparum, the parasite that causes the most deadly form of
human malaria. Two key findings from his laboratory research have been
the P. falciparum transporter for chloroquine resistance and the gene family
responsible for antigenic variation of parasitized red blood cells. In field
investigations, his efforts have led to new diagnostic assays for drug-resistant
malaria strains and new information on hemoglobin mutations that confer
protection against the severe complications of malaria.

FORUM STAFF

STACEY L. KNOBLER is Director of the Forum on Emerging
Infections at the Institute of Medicine (IOM). She previously served as the
co-director of the IOM Board on Global Health’s study, Neurological,
Psychiatric, and Developmental Disorders in Developing Countries, and
research associate for the Assessment of Future Scientific Needs for Live
Variola Virus. Ms. Knobler is actively involved in program research and
development for the Board on Global Health. Previously, she has held
positions as a Research Associate at the Brookings Institution, Foreign
Policy Studies Program and as an Arms Control and Democratization
Consultant for the Organization for Security and Cooperation in Europe in
Vienna and Bosnia-Herzegovina. Ms. Knobler has also worked as a research
and negotiations analyst in Israel and Palestine. She is currently a member
of the CBACI Senior Working Group for Health, Security, and U.S. Global
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Leadership. Ms. Knobler has conducted research and co-authored published
articles on biological and nuclear weapons control, foreign aid, health in
developing countries, poverty and public assistance, and the Arab-Israeli
peace process.

MARJAN NAJAFI, M.P.H., is a research associate for the Forum on
Emerging Infections in the Board on Global Health. She has also worked
with the IOM committee that produced Veterans and Agent Orange: Update
2000. She received her undergraduate degrees in chemical engineering and
applied mathematics from the University of Rhode Island. Ms. Najafi served
as a public health engineer with the Maryland Department of Environment
and, later, the Research Triangle Institute. After obtaining a master’s of
public health from the Bloomberg School of Public Health at Johns Hopkins
University, she managed a lead poisoning prevention program in Micronesia
with a grant from the U.S. Department of Health and Human Services.
Prior to joining IOM, she worked on a study researching the effects of
cellular phone radiation on human health.

LAURIE A. SPINELLI is a project assistant for the Forum on Emerging
Infections in the Board on Global Health. Ms. Spinelli joined the IOM in
July 2000, and has worked with the IOM committee that generated the
Neurological, Psychiatric, and Developmental Disorders: Meeting the
Challenge in the Developing World report. Currently, she is working on
two forthcoming reports: Reducing the Impact of Birth Defects in
Developing Countries and Improving Birth Outcomes in Developing
Countries. Prior to joining IOM, she graduated from Syracuse University
with a bachelor of arts degree in speech communications. Ms. Spinelli also
teaches an interpersonal communication course at the College of Southern
Maryland.
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